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Abstract 
It is important to obtain knowledge of the genetics of Malus in order to efficiently 
maintain genetic diversity, as well as breed and select future apple cultivars.  Germplasm 
characterization can reveal knowledge of genetic relatedness of accessions and is 
important towards the goal of increasing this genetic knowledge.  This can lead to more 
efficient germplasm management and efficiency in breeding programs such as 
appropriate selection of genetically diverse parents and selection of superior genotypes.  
Furthermore, location of quantitative trait loci (QTL) can lead to the development of 
markers for marker assisted breeding.  By selecting for markers closely linked to 
significant QTL, early selection can efficiently increase the probability of selecting 
cultivars that have positive fruit-quality attributes. 
Genetic diversity and relatedness was studied in a Malus germplasm collection to 
characterize 174 accessions of various Malus species and cultivars. This collection was 
genotyped using 17 robust simple sequence repeats (SSR) markers spanning all linkage 
groups.  SSRs are particularly useful markers as they are co-dominant, highly variable, 
highly reproducible, and require a very small amount of DNA.  Multiple alleles were 
amplified for all SSRs.  Phenotypic traits were recorded, including fruit size, fruit weight 
and fruit shape, and fruit quality characteristics including firmness, total soluble solids, 
and total titratable acids, were evaluated.  Cluster analysis was performed and 
dendrograms revealing four and five distinct clusters were constructed based on both 
genotypic and morphological data, respectively.   
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Additionally, QTL were identified for a segregating mapping population of ‗Co-
op 17‘ x ‗Co-op 16‘ cross.  Phenotypic data were collected for fruit firmness, shape, 
weight, total soluble solids, and total titratable acids.  A total of 502 SSRs derived from 
three sources, bacterial artificial chromosome (BAC) end sequencing, expressed 
sequence tag (EST) sequences, and previously published markers, were used to genotype 
progeny.  Linkage groups were mapped, and despite genotype by environment 
interactions and sometimes low heritability, 21 QTL were mapped using simple interval 
mapping.  Kruskal-Wallis rank sum test and multiple QTL mapping were performed to 
validate putative QTL.   
  
 iv  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my family, especially my loving husband, Josh, and  
newborn son, Ethan, whom I love so dearly. 
  
 v  
 
Acknowledgements 
First of all, I would like to thank my advisor Dr. Schuyler S. Korban for the 
support and encouragement he has offered to me during the past few years.  He accepted 
me into his program when I didn‘t have a strong sense of direction, and he helped me to 
understand how to be a true scientist.  I‘d like to thank my other committee members, Dr. 
Mosbah M. Kushad and Dr. A. Lane Rayburn, for the knowledge they have imparted to 
me during my studies, and especially to Dr. Kushad for the generous use of his lab 
equipment.   
I would also like to thank Dr. Germán Bollero, Dr. Donald G. Bullock, and Kevin 
Armstrong, who taught me everything I know about statistics.  Additionally, I would like 
to thank Dr. Yuepeng Han and Dr. Danman Zhang for assisting me in the lab and 
providing advice towards this project, and to Nate Wlodarchak and Lucas Gschwind for 
aiding me in the lab.   
I would like to thank Pioneer Hi-bred International, Inc., for the fellowship that 
they provided through the Illinois Plant Breeding Center, and particularly Dr. Tabare 
Abadie and Dr. Andrew Ross, who were my mentors and taught me so much.   
I would like to thank my mother and father for always encouraging my strong 
sense of curiosity, and for teaching me what showing initiative means.  I thank all my 
graduate student friends for the countless hours spent studying in the student lounge and 
everything you have taught me.  Lastly, I thank my husband, Josh, and son, Ethan.  
Ethan, you made writing a thesis pleasant.  Josh, I don‘t think I would have gone back to 
school if not for your encouragement.  I can‘t possibly thank you enough.    
 vi  
 
TABLE OF CONTENTS 
Chapter 1 Literature Review ................................................................................... 1 
Apple (Malus) ..................................................................................................... 1 
SSR Markers in Malus ........................................................................................ 4 
Capillary Fragment Analysis ............................................................................ 13 
Quantitative Trait Loci ...................................................................................... 13 
Literature Cited ................................................................................................. 23 
Chapter 2 Characterization of Malus Germplasm ................................................ 28 
Abstract ............................................................................................................. 28 
Introduction ....................................................................................................... 29 
Materials and Methods ...................................................................................... 31 
Results ............................................................................................................... 35 
Discussion ......................................................................................................... 42 
Literature Cited ................................................................................................. 52 
Tables ................................................................................................................ 56 
Figures .............................................................................................................. 71 
Chapter 3 Quantitative Trait Loci Mapping of Fruit Quality Traits ..................... 75 
Abstract ............................................................................................................. 75 
Introduction ....................................................................................................... 76 
Materials and Methods ...................................................................................... 77 
Results ............................................................................................................... 83 
Discussion ......................................................................................................... 90 
Literature Cited ................................................................................................. 98 
Tables .............................................................................................................. 101 
Figures ............................................................................................................ 115 
Appendix A Supplemental Materials for Chapter 2 ........................................... 127 
Appendix B Supplemental Materials for Chapter 3 ............................................ 147 
 
 
1 
 
 
Chapter 1  
Literature Review 
Apple (Malus) 
Apples are cultivated throughout the world ranging from China and India to 
Europe, Iran, Chile, and many other temperate regions.  Production exceeds 56 million 
metric tons, with China being the largest producer (FAOSTAT, 2007).  Commercial 
apples are clonally propagated, and the rootstock and scion components are both 
important, leading to breeding programs for both rootstock and scion material.   
The proposed center of origin for apples is in Central Asia, near Kazakhstan, 
where there is a great diversity of wild germplasm species (Harris et al. 2002).  Trees are 
synoecious and deciduous, and are clonally propagated by various grafting techniques.  In 
apple breeding, cultivars are crossed, and if selected will also be clonally propagated, 
though some popular commercial cultivars have originated as chance seedlings with 
unknown parentage.  Apples are pome fruits, often eaten fresh, and are commercially 
stored under controlled atmosphere storage conditions.  They may be processed into 
juice, apple sauce, apple butter, pastries, vinegar, cider or other commercial products.   
Apples are members of the Maloideae subfamily within the Rosaceae family.  
This subfamily includes other economically important fruit trees as well as some 
important ornamental plants.  This subfamily is differentiated from other members of the 
Rosaceae family by the presence of 17 chromosome pairs and pome type fruit.  Other 
members of the Rosaceae family include important fruit crops such as peaches, plums, 
apricots, raspberries, and strawberries (Evans and Campell 2002).  Most apples are 
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diploid, 2n = 34, but there are a few triploid apples (Chyi and Weeden 1984).  Some 
polyploid apples are either triploid (2n=3x=51) or tetraploid (2n=4x=68) (Schuster and 
Buttner 1995; Korban et al. 2009).  Apples are self-incompatible, highly heterozygous, 
and have a long juvenile period.  These characteristics lead to difficulties in apple 
breeding programs that are critical for new cultivar development.  To increase the 
efficiency of apple breeding efforts, it is important to continue to expand our knowledge 
of the genetics and physiology of apple.  This will contribute to the appropriate selection 
of parents for breeding programs and efficient selection of superior genotypes in 
progenies (Kenis and Keulemans 2005). 
Some apples are attacked by numerous diseases and pests, and therefore breeding 
for disease resistance has been an important objective for various breeding programs.  
However, fruit quality and other traits, such as fruit sugar and acid content, flavor, and 
fruit size as well as cold tolerance, and flowering time and duration, associated with 
production are also important, but are more difficult to breed for, as most of these traits 
are quantitatively controlled (Hancock et al. 2008; Korban and Tartarini 2009).  Mapping 
of quantitative trait loci (QTL) is an important goal in order to breed cultivars with 
enhanced fruit quality traits.   
Random fragment length polymorphisms (RFLPs) are codominant and require 
large amounts of DNA to be detectable.  This requirement makes polymerase chain 
reaction (PCR) based molecular markers preferable (Bachmann 1994).  Randomly 
amplified polymorphic DNAs (RAPDs) are PCR-based dominant markers that are 
capable of detecting large quantities of polymorphisms (Conner et al. 1997).  These 
markers are simple to use, relatively cheap, and no previous knowledge of the genome is 
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required.  However, RAPDs are highly sensitive to PCR variation resulting in poor 
reproducibility (Goulão et al. 2001b).  Amplified fragment length polymorphism (AFLP) 
markers are capable of identifying multiple loci in single reactions and do not require 
previous knowledge of the genome.  These PCR-based markers use longer primers and 
are thought to eliminate the reproducibility problems that occur with RAPD analysis 
(Goulão et al. 2001b).  AFLPs are appropriate for creating linkage maps and for QTL 
identification because of their ability to quickly, cheaply, and reliably produce large 
quantities of markers genomewide (Kenis and Keulemans 2005). 
Microsatellites are regions of repeats within DNA sequences of one to six base 
pairs in length.  Simple sequence repeat (SSR) markers are highly reproducible, 
polymorphic, and codominant.  Initial SSR marker development is expensive.  However, 
once these markers are developed they are relatively fast and inexpensive to use (Goulão 
and Oliveira 2001a).  These markers are particularly useful in comparative QTL mapping 
as SSRs are highly reproducible between labs and these markers are mostly conserved 
between cultivars enabling QTL comparison between various segregating populations 
(Kenis and Keulemans 2005).  SSRs derived from expressed sequence tags (ESTs), 
known as EST-SSRs, are cheap and often have corresponding putative functions (Gasic 
et al. 2009).  Inter-simple sequence repeats (ISSR) are another microsatellite-based 
method in which only a single primer is used.  These markers are dominant and no prior 
knowledge of the genome is required as polymorphisms occur when the target lacks the 
randomly chosen sequence, and a reverse primer is not necessary to complete 
amplification of the products.  These markers are capable of detecting multiple loci in a 
single reaction (Goulão and Oliveira 2001a).   
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SSR Markers in Malus 
SSR markers are useful markers as they are co-dominant, highly variable, and 
require a very small amount of DNA.  SSRs can be perfect, imperfect, or compound.  
SSRs are also highly useful for QTL mapping.  It is possible to observe these 
polymorphisms in apple through amplification of specific repeating regions in the sample 
DNA.  In some cases, gel electrophoresis has been used to identify and resolve SSRs, but 
other methods have been employed to analyze profiles of SSR markers.  Martinelli et al. 
(2008) used capillary electrophoresis and ABI PRISM 3100 Genetic Analyzer to separate 
PCR products; while Garkava-Gustavsson et al. (2008) used an ABI 3730 DNA analyzer 
to analyze SSR data using GeneMapper Software ver. 3.0.  Hokanson et al. (1998) used 
ABI sequencing and ABI Genescan 672 software ver. 1.2.2-1.   
As SSR markers are highly polymorphic, they are valuable for investigating 
genetic relationships, as opposed to taxonomic relations alone (Bretting and Widrlechner 
1995).  SSR markers have been used for assessing genetic diversity in Malus germplasm 
(Guarino et al. 2006; Pereira-Lorenzo et al. 2007; Garkava-Gustavsson et al. 2008).  
Oraquzie et al. (2005) used SSR markers for fingerprinting apple rootstocks; while other 
SSR markers have been used for cultivar identification (Guilford et al. 1997; Galli et al. 
2005).  SSR markers have also been used for identifying parents (Kitahara et al. 2005) 
and constructing linkage maps (Kenis and Keulemans 2005; Silfverberg-Dilworth et al. 
2006).  Recently, apple SSR markers have been reported to be transferable among some 
major Rosaceae fruit species, such as pear, peach, and almond (Gasic et al. 2009).  Höfer 
et al. (2008) used three SSR markers, CH05C07, NZ 02b1, and NZ 01a6, to characterize 
homozygous apple accessions obtained through double haploids.  Igarashi et al. (2008) 
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used SSR markers to create two genetic linkage maps for apple, using 54 SSR markers to 
create a ‗Ralls Janet‘ map and 64 SSR markers for the ‗Delicious‘ map, and both marker 
sets spanned all 17 apple linkage groups (LG).   
Benson and Lamboy (2001) used eight SSR markers, including GD 12, GD 15, 
GD 96, GD 100, GD 103, GD 142, GD 147, and GD 162, to differentiate 65 accessions 
of Malus hupehensis in the U.S. National Plant Germplasm System (NPGS).  A range of 
3 to 13 alleles per locus was reported, and it was determined that these eight SSRs were 
sufficient to declare duplicated accessions as the probability of matching all loci of these 
markers was 0.3573 × 10
–7
.  The presence of duplicated plant material in NPGS has been 
presumed, but not confirmed.  As a result of SSR analysis, it was determined that 51 
accessions were duplicates of the ‗Yichang‘ clone.  Malus germplasm collections can 
benefit from increased knowledge of the genetics of accessions, preventing wasting 
resources on maintaining duplicate genetic materials.   
Guilford et al. (1997) used 14 SSR markers (01a6, 01d7, 01d12, 02b1, 04h11, 
05g8, 22c6, 23fl, 23g4, 28f4, 03cl, 04f3, 17e6, and 26c6) for cultivar differentiation.  
Gianfranceschi et al. (1998) developed 16 SSR markers (CH01B12, CH01E01, 
CH01E12, CH01F02, CH01F09, CH01G12, CH01H01, CH01H02, CH01H10, 
CH02B03b, CH02B10, CH02B12, CH02C06, CH02D11, CH02D12, and CH02F06) to 
distinguish 20 prominent commercial apple cultivars.  The SSR markers COL, CH01h02, 
CH02c06, CH01d03, CH02c09, CH02c11, CH02d08, CH04e05, and CH04c06 were used 
for classification of French local Malus cultivars (Laurens et al. 2004).  Király et al. 
(2009) used eight SSR markers (CH01f02, CH01h01, CH02c02a, CH02c09, CH03g04, 
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CH04e03, CH05d11, and CH05e03) to determine parental identity of Hungarian apple 
cultivars. 
Santesteban et al. (2009) have used 10 SSR markers (NZ02b01, CH01b12, 
CH01e12, CH01f02, CH01h10, CH02c09, CH02d08, CH04e05, CH01h02, and COL) to 
classify 254 apples native to Spain into three core collections at the Public University of 
Navarre.  One collection is based on SSR markers, a second core is based on isozyme 
loci, and the third core is based on morphological traits.  Methods that determined which 
accessions formed a core collection are not significantly different.  However, 
determination using molecular markers is preferable due to its speed and accuracy.  
Hierarchical clustering methods dice distance and unweighted pair-group average method 
(UPGMA) have been used, and stepwise selection proceeded until only 20% of the 
original population remained.  A high level of genetic diversity has been retained in the 
core collection, with was an average of 13.9 alleles per locus, and ranging from eight to 
26.  Of 100 rare alleles (frequency <5%), 86 are retained in the newly formed core 
collection.   
Hokanson et al. (1998) used a set of eight SSR markers developed by the Plant 
Genetic Resources Unit (PGRU) (Szewc-McFadden et al. 1995, 1996) to characterize 66 
apple germplasm accessions, and to estimate genetic diversity.  These markers included 
GD 12, GD 15, GD 96, GD 100, GD 103, GD 142, GD 147, and GD 162.  All markers 
were able to discriminate among all but seven accessions, five of which were sport 
mutations of their progenitors.  These markers were also capable of identifying two 
misnamed cultivars.  PCR products were separated using an ABI 377 or 373 DNA 
sequencing system (Applied Biosystems, Inc.).  These markers amplified from 2 to 15 
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alleles per marker with an average of 12.1 alleles per marker.   The number of alleles per 
marker was higher than in previously reported studies.  It was hypothesized that the 
increased sample size of this study contributed to this finding.  Other possibilities 
included the use of the core collection, which was designed to maximize diversity.  
Moreover, the sequencing method detected allelic variation that had not been discernable 
with other methods of lower resolution.  An UPGMA cluster analysis was performed 
yielding several main clusters that were largely supported by pedigree and origin.  Thus, 
these SSR markers are valuable tools for management of ex situ germplasm collections. 
Coart et al. (2003) studied a collection of wild apples from Belgium and Germany 
using SSR markers to establish a germplasm conservation program.  These wild apples 
were studied along with six hybrids and 39 apple cultivars.  SSR markers used in 
conjunction with amplified fragment length polymorphisms (AFLP) included NZ02b01, 
NZ04h11, NZ05g08, NZ23g04, NZ28f04, CH01h10, CH01e12, CH01f02, CH01h01, 
CH02b12, CH02c06, and CH02d12.  These AFLP markers were capable of 
differentiating the apples into three main groups, including edible cultivars, ornamental 
apples and wild genotypes from German and Belgian genebanks.  Interestingly, SSR 
markers significantly correlated with AFLP markers.  Overall, markers averaged 13, 12.5, 
and 6.6 alleles per marker for wild, ornamental, and edible apples, respectively.   
Garkava-Gustavsson et al. (2008) used 10 SSR markers to characterize genetic 
diversity and determine genetic relationships among a group of 68 native Swedish apple 
cultivars for the ‗National Program for diversity of cultivated plants.‘  These SSR 
markers included Ch01d03, CH01h02, CH02c06, CH02c09, CH02c11, CH02d08, 
CH04c06, CH04e05, COL, and CH02b10.  Among those, three markers, CH01h02, 
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CH04C06, and CH02c11, amplified two loci each of which the main loci were used for 
statistical analysis.  There were difficulties in correctly scoring Ch01d03, thus it was not 
used for statistical analysis although it was useful for genetic identification.  PCR 
products were separated using an ABI 3730 DNA analyzer and data analyzed using 
GeneMapper Software ver. 3.0.  These SSRs amplified between two and 15 alleles per 
marker, and 35% of alleles were classified as rare; while another 18% were classified as 
unique.  A dendrogram based on these SSR markers revealed no major clustering.   
Gharghani et al. (2009) used SSR markers to investigate genetic relationships 
among a group of Iranian apples including cultivars, landraces, wild apple species, and 
representative old apple cultivars.  This was an especially interesting study due to the 
proximity to the center of origin for apple, and the resulting information about apple 
evolution and domestication.  This study focused on 159 accessions mostly from Iran, but 
also included some other apple scion and rootstock cultivars.  These included CH03d07, 
CH03d12, CH03e03, CH04a12, CH05e03, CH05c07, CH02a08, NZmsEB146613, and 
NZmsSeb134379.  These markers revealed 153 alleles in 159 accessions and averaged 17 
alleles per SSR marker with a range of 17-25 alleles per marker.  Nine SSR markers used 
in previous studies were utilized to screen this germplasm.  A cluster analysis was 
performed, and a dendrogram was obtained indicating more similarity between Iranian 
cultivars and landraces to M. sieversii and M. orientalis than other Malus accessions.  
This suggested that Iranian apples were an intermediary between wild species and 
modern cultivars.   
Hokanson et al. (2001) used eight SSR markers to screen 142 accessions of apple 
in the core collection of the USDA-ARS Plant Genetic Resources Unit for genetic 
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diversity, identify genetic relationships, determine genetic identities, and estimate the 
usefulness of SSR markers in assessing Malus genus.  These markers included GD 12, 
GD 15, GD 96, GD 100, GD 103, GD 142, GD 147 and GD 162.  A higher number of 
alleles were present in the entire germplasm collection than in a subset of 66 cultivated 
apples previously analyzed (Hokanson et al. 1998).  This was expected because the 
narrow base of modern cultivars would presumably decrease genetic variability over an 
unselected collection.  However, it was somewhat unexpected that the group of cultivated 
apples would have higher levels of heterozygosity.  This could be attributed to improved 
cultivars with higher heterozygosity during selection.  These SSR markers averaged 26.4 
alleles per locus and ranged anywhere from six to 40 alleles with high levels of variation.  
Though these SSR markers were capable of successfully differentiating all but five 
accessions, these markers were determined to do a poor job at identifying genetic 
relationships among various accessions.  The majority of screened accessions poorly 
clustered into groups that were not related by taxonomy or geographic origin.  However, 
it was revealed that five accessions were duplicates in this collection that were previously 
noted as unique.   
Iannaccone et al. (2007) used 10 SSR markers, CH01c06, CH01d08, CH01d09, 
CH01f03b, CH02a03, CH02b07, CH02c11, CH02d08, CH02g09, and CH03a02, to 
preserve Annurca apple germplasm from a region in Naples, Italy.  Nine out of the 10 
markers allowed for discrimination between various accessions.  Random amplified 
polymorphic DNA analysis (RAPD) and flow cytometry were used to confirm these 
results.  Together, these three techniques were useful in germplasm management.   
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Bink et al. (2008) analyzed 33 key individuals from a complex apple pedigree, 
and analyzed accessions with 86 SSR markers that spanned all 17 apple LG.  The number 
of alleles per marker ranged from two to 19 alleles.  Although various methods were 
evaluated to analyze genetic relatedness, including Similarity, Queller-Goodknight, 
Lynch-Ritland and Wang as well as Thompson, Anderson-Weir and Jacquard, no method 
was found to be significantly superior to any other method.   
Naik et al. (2006) screened 169 SSR markers from apple to map 52 individuals 
from a mapping population of ‗Antonovka Debnicka‘ x ‗Summerred‘.  Individuals were 
analyzed using JoinMap 3.0 software and a cross pollination (CP) population structure.  
An LOD score of 5.0 was used for initial grouping, but then this was dropped to a 
minimum LOD of 1.0 to a threshold LOD score of 5.0.  The average marker density was 
3.6 cM.  The study mapped 12 SSRs, including CH01b07, CH01b09b, CH02b11, 
CH02e12, CH03d06, CH03h06, CH04d08, CH04f03, CH05g01, CH05g02, CH05g05, 
and CH05h12, that had been previously unmapped.  There were also three SSR markers, 
CH01f12, CH01h10, and CH02a10, that mapped in different locations than previously 
documented.   
Expressed sequence tags (EST) contain a relatively high number of SSRs (5%) 
that can be efficiently developed into SSR markers (Silfverberg-Dilworth et al. 2006).  
These sequences are becoming increasingly more available publicly, and should be used 
for developing new SSRs (Korban et al. 2005).  EST-SSRs are advantageous in that 
detailed sequencing is unnecessary and markers are developed from coding sequences 
(Silfverberg-Dilworth et al. 2006).  EST-SSRs have been used for constructing genetic 
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maps (Celton et al. 2009), linkage maps (Naik et al. 2006), and even in studying 
transferability to other Rosaceae species (Gasic et al. 2009). 
Kitahara et al. (2005) assessed genetic diversity in 42 mainly Japanese apple 
cultivars using SSR markers.  As most Japanese apple cultivars were derived from 
relatively few parental cultivars, it was hypothesized that Japanese cultivars might have 
low genetic diversity.  Moreover, parent-offspring relationships of nine apple cultivars 
were also studied.  The following 19 markers were used: CH01c06, CH01d08, CH01d09, 
CH01f03b, CH01f07a, CH01g05, CH02b07, CH02c02b, CH02c09, CH02d08, CH02g04, 
CH03a04, CH03a09, CH03d07, CH03d12, CH03e03, CH05a04, CH05c04, and 
CH05g08.  These markers yielded four to nine alleles per marker with an average of 6.6.  
UPGMA clustering analysis was used to construct a phenogram in NTSYS-pc ver. 2.1.  
The analysis yielded five major groups that separated according to known parentage.  
Parent progeny relationships were both identified and confirmed through S-RNase 
content and SSR markers, which were supported by the phenogram.   
Recently, Richards et al. (2009) used SSR markers to characterize genetic 
diversity of M. sieversii, a wild ancestor of modern cultivated apples.  This material 
originated in Central Asia and was collected for conservation purposes at the Plant 
Genetic Resources Unit (PGRU) located in Geneva, NY.  Seven SSR markers, including 
GD12, GD15, GD96, GD100, GD142, GD147 and GD162, were used to genotype 949 
individuals.  A total of 103 alleles were amplified and ranged anywhere between 3 and 29 
alleles per marker with an average of 14.7 alleles per marker.  Nonhierarchical cluster 
analysis was performed and four clusters were established.  These clusters largely 
corresponded to geographical location of this material.  Clusters in Southern regions were 
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more highly variable, thus genetic diversity was higher in Southern collection sites.  This 
information would be useful in management of these collections samples and would also 
aide in determining sites for future germplasm collection expeditions.   
Goulão and Oliveira (2001a) used 13 SSR markers to characterize 41 commercial 
apple cultivars.  These markers included CH02D12, CH01H10, CH01F02, CH01H01, 
CH02B10, 04H11, CH01E12, 05G8, CH02B03b, 02B1, CH02D11, 01A6, and 
CH02C06.  Overall, markers yielded 84 alleles and anywhere from 4 to 10 alleles per 
marker with an average of 6.5.  Dendrogram were obtained using UPGMA, confirming 
previous findings obtained with RAPD and AFLP markers.  However, SSR markers were 
more highly reproducible.  This analysis revealed five major clusters that were consistent 
with the known pedigree and origin of specimens.  Four Portuguese apple cultivars 
formed a divergent cluster and contained an independent gene pool that would be very 
useful in breeding programs (Goulão et al. 2001b). 
 Martinelli et al. (2008) used five SSR markers, including GD 100, GD 96, GD 
162, GD 147, and GD 142, to characterize 34 ancient Malus cultivars.  This was done in 
effort to identify and maintain diverse ancient cultivars of apples in the Tuscany region of 
Italy.  Capillary electrophoresis was used to separate PCR products on an ABI PRISM 
3100 Genetic Analyzer.  Markers yielded anywhere from 7 to 13 alleles per marker with 
an average of 10 alleles per marker and a total of 50 over all five SSR markers.  Two 
main clusters were identified, and these were confirmed by morphological analysis.  It 
was postulated that the observed high number of alleles per marker was due either to the 
highly polymorphic nature of these markers or high resolution of capillary 
electrophoresis allowing for identification of allelic variants. 
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Capillary Fragment Analysis 
A major requirement for SSR analysis is the high resolution needed for detection.  
The resolution must be high enough to observe polymorphisms, which sometimes can be 
quite small in base pair length differences.  To overcome this problem, capillary 
electrophoresis (CE) has become more preferable over gel based detection.  Fluorescing 
primers are recommended to ensure accurate genotyping of samples (Gianfranceschi et 
al. 1998).  In general, gel based electrophoresis is labor-intensive and is of low resolution.  
CE has a wide range of applications including dsDNA fragment analysis.  This technique 
is based upon gel filled multicapillaries (Liu and Amirkhanian 2003) and can have 
multiple detection methods including absorbance, laser induced fluorescence, mass 
spectrometry and voltammetry, among others (Heller 2001).  DNA fragments are pulled 
through capillaries by taking advantage of the negative charge of DNA, and these 
fragments then separate based on size.  These fragment sizes are then recorded and 
analyzed using specialized software.  
Quantitative Trait Loci 
 A linkage map is required for QTL identification.  Relationships between 
genotypes and phenotypes of a population can then yield information about genetic 
regions that control observed phenotypic characteristics.  Using an F1 segregating 
population of 257 individuals and 20 SSR markers including NZ01a6, NZ02b1, 
NZ04h11, NZ05g8, NZ23g4, NZ28f4, COL, GD96, GD100, CH01H10, CH01E12, 
CH01B12y, CH01E01, CH01F02, CH01H01, CH02C06, CH02D12a, CH04e05, 
CH05g08, and CH03g12y, Kenis and Keulemans (2005) developed linkage maps for 
cultivars ‗Braeburn‘ and ‗Telamon‘.  Igarashi et al. (2008) used SSR markers to develop 
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two apple linkage maps for an F1 segregating population of 155 individuals from two 
crosses.  They used JoinMap ver. 3.0 for analysis and an LOD score of 5.0 to create these 
linkage maps. The linkage map for ‗Ralls Janet‘ included 384 markers; while that for 
‗Delicious‘ used 340 markers.   
There are three different methods available for QTL analysis.  The single marker 
analysis is the least reliable as it focuses on only a single marker.  Moreover, the farther 
this marker is from the QTL, the less likely it will be able to correctly identify a QTL.  
This method relies on t-tests, analysis of variance (ANOVA), and linear regression.  
Another QTL analysis relies on simple interval mapping.  This method has higher 
statistical power than the previous method as it takes into account a larger portion of 
existing linkage maps and analyzes pairs of markers to carry out interval mapping.  The 
third method for QTL analysis is more precise and reliable than the previous method as it 
relies on composite interval mapping.  In addition to basic interval mapping, linear 
regression is applied.  This method also utilizes additional markers within the model as it 
is important to use a large number and range of markers to identify markers that are 
closely linked to a QTL.  Since proximity to a QTL determines recombination 
frequencies, it is important that markers used are closely linked to the target QTL.  It 
should be noted that it is also important to have a fairly large size of progeny in a 
segregating population as a higher number of individuals can produce higher resolution 
linkage maps (Collard et al. 2005).   
QTL location is an increasingly important goal in apple breeding.  Currently, 
apples are affected by apple scab, powdery mildew, and fire blight, among other diseases, 
with powdery mildew being among the most serious diseases.  Trees in commercial 
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orchards are sprayed up to 20 times in a season to produce an acceptable product to 
consumer markets.  Major genes for powdery mildew resistance are already known, but 
not polygenic sources of resistance.  If QTLs for powdery mildew are effectively mapped 
and introduced into commercial apple cultivars, fewer sprays would be necessary, which 
would be highly cost-effective for commercial orchards.  Moreover, these QTL would 
increase the durability of such resistance as pathogens are less likely to rapidly overcome 
polygenic resistance than monogenic resistance.  Due to this important goal, various 
apple breeding programs are involved in pursuing resistance to powdery mildew 
(Calenge et al. 2006).    
Most fruit quality traits are known to be polygenic, and a number of QTL have 
been identified for several fruit quality determinants (Conner et al. 1998; King et al. 
2000, 2001).  Davey et al. (2006) have used a ‗Telamon‘ x ‗Braeburn‘ segregating 
population to identify QTL for fruit weight, rate of browning, and L-ascorbic acid (L-
AA) content.  Three significant QTLs determining vitamin C [L-AA] content were 
located on LG 06, 10, and 11, explaining over 60% of the variability in mean L-AA 
content.  A QTL for dehydroascorbate (DHA) on LG 17 co-localizes with a significant 
QTL for fruit browning and a minor QTL for DHA content, therein confirming a link 
between L-AA content and postharvest browning.  Levels of L-AA in fruit skin are 
approximately four-folds higher than those in the underlying flesh.  It is likely that there 
is an indirect selection for high L-AA levels during breeding efforts due to association of 
this QTL with other favorable fruit properties.  
A segregating population of ‗Prima‘ x ‗Fiesta‘ has been used to identify QTL for 
fruit texture (King et al. 2000, 2001).  MapQTL 4.0 was used to map the QTL using the 
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interval mapping method and the cross pollination population structure in conjunction 
with a previously developed linkage map (Maliepaard et al. 1998) consisting of 290 
markers.  King et al. (2000) identified QTLs for fruit firmness on LG 01 and LG 10 for 
the three most important factors in determining firmness – crispness, hardness, and slow 
breakdown of flesh.  A crispness QTL located on LG 16 was responsible for 17% of the 
variance; while, in the same region of LG 16, a QTL for sponginess was identified and 
accounted for 30% of the variance.  QTLs for hardness and granularity were also 
suggested to be present in this region.  These four factors, including crispness, 
sponginess, hardness, and granularity appeared to be linked tightly, and all segregated 
with the malic acid, Ma, locus (Maliepaard et al. 1998).   
Additional QTL were identified by King et al. (2001).  A significant QTL located 
on LG 16, corresponding to a region previously determined to contribute to crispness and 
juiciness, was also identified.  MapQTL ver. 4.0 was used to carry out interval mapping 
in which a LOD score of 3.0 was used to detect QTL, and LOD 3.0 was used to detect 
significant linkage.  The Kruskal-Wallis test was also used to detect this QTL, and 
multiple QTL model (MQM) analysis was performed on a number of traits with the Ma 
locus and the Vf  locus as cofactors.  Also, a significant QTL was located on LG 01 for 
crispness using wedge fracture tests.  In addition, four QTLs determining various fruit 
compression factors were located on LG 01, 06, 08, and 15.  Principle component 
analysis was also carried out due to likely correlation between various wedge and 
compression measures.  The first three principle components comprised 82% of the 
variability, and detected significant QTL on LG 1, 6, and 16 as well as suggestive QTL 
on LG 8 and 15. 
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Liebhard et al. (2003) used a segregating population of ‗Fiesta‘ x ‗Discovery‘, 
consisting of 251 individuals analyzed for both genotypic and phenotypic traits, to 
identify QTL for harvest date, fruit per tree, weight, firmness, sugar content, and acidity.  
This study used the Kruskal-Wallis test with the maximum likelihood based interval 
mapping method for confirmation.  An LOD score of 2.5 was used for single parent maps 
and a score of 3.0 was used for an integrated map.  In addition to QTL mapping, ANOVA 
was carried out on phenotypic effects based on a linear model including genotype, 
location, and year or group.  A single QTL for harvest date was located on LG 3 
explaining 16% of the variability in harvest date phenotype.  In addition, three QTL for 
fruit number (LG 05, 15, and 16), eight QTL for fruit weight (not identified), and five 
QTL for firmness (LG 03, 06, 11, 12, and 14) accounting for a total of 68% of the 
variability in firmness were identified.  Five QTL regions for juice sugar content (LG 03, 
06, 08, 09, 14) were determined, and two QTL for acidity (LGs 08 and 16), accounting 
for 88% of the variability in acidity, were also identified.   
Fruit quality traits hold a lot of potential for both early selection and marker-
assisted breeding (MAB) as costs in breeding programs could be reduced by elimination 
of plants with poor fruiting qualities long before they are actually bearing fruit.  
However, it is important that any identified QTL is examined both during the early years 
of fruit bearing as well as when trees reach maturity to ensure that the QTL is accurate 
predicting fruit quality in mature bearing trees.  However, Liebhard et al. (2003) 
emphasize the value of weak QTL as small differences between involved alleles but not 
necessarily small effects that cause poor LOD scores.  Moreover, weak QTL are also 
present across all years and locations, thus indicating that these are indeed true QTL. 
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Kenis et al. (2008) reported on identifying 74 QTLs for various fruit traits 
including fruit height, diameter, weight and stiffness, flesh firmness, rate of flesh 
browning, acidity, ºBrix content, and harvest date.  A segregating population of 250 F1 
individuals from a ‗Telamon‘ x ‗Braeburn‘ cross over two seasons was used for this 
study.  The linkage groups were saturated with molecular markers using JoinMap 3.0, 
and QTL were analyzed using MapQTL ver. 4.0 utilizing both interval mapping and 
restricted multiple QTL model (rMQM) mapping. The following SSR markers were used: 
CH01c06, CH01f12, CH01f03b, CH01h02, CH02a03, CH02a04y, CH02a10, CH02b03b, 
CH02b07, CH02c09, CH02c11, CH02f06, CH02g04, CH03c01, CH03d07, CH03d11, 
CH03g07, CH04c06a, CH04c06y, CH04e03, CH04f10, CH04g07, CH05a05, CH05a09, 
CH05b06x, CH05b06b, CH05c04, CH05c06, CH05d03, CH05d08y, CH05e04z, 
CH05f06, CH05g03, CH05g07y, CH05g07z, and MS01a03.  One third of the QTL were 
stable over years, and nine QTLs were reported to be stable over years.  The following 
QTLs were identified.  Four QTL for harvest date (LGs 03, 09, 10, and 16), five for fruit 
weight (LGs 02, 06, 09, 10, and 17), four for firmness (LGs 2, 10, 14, and 16), two for 
sugar content (LGs 02 and 10), seven for acidity (LGs 2, 8, 10, 13, 15, 16, and 17), and 
two for fruit stiffness (LGs 08 and 16).  Of these 24 QTLs, seven were common to either 
the ‗Fiesta‘ x ‗Discovery‘ population (Liebhard et al. 2003) or the ‗Prima‘ x ‗Fiesta‘ 
population (King et al. 2000, 2001).  This suggested that these QTL were stable over 
years, populations, and locations.   
In recent years, MAB has become a viable approach in apple breeding programs.  
Temperature, light, and nutrition all affect vegetative growth, thus there is a high 
genotype x environment (GxE) interaction (Liebhard et al. 2003).  For MAB, selection is 
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often for three or fewer markers, though selection for only one marker is still quite 
effective.  Some advantages of MAB include efficient selection of traits of low-
heritability, early selection of candidates in juvenility, and selecting for phenotypes 
affected by epistasis.  MAB is being used for screening resistance to powdery mildew, 
fire blight, and apple scab in a project aiming to pyramid resistance genes (Kellerhals et 
al. 2009) and Tartarini et al. (2000) reported MAB to be effective using molecular 
markers  linked to the major scab resistance gene, Vf.  Unfortunately, races of scab that 
can overcome this major source of resistance have been discovered (Parisi et al. 1993).   
Dunemann et al. (2009) identified 50 putative QTL for 27 different apple fruit 
volatiles in a segregating ‗Discovery‘ x ‗Prima‘ population of 150 individuals.  These 
aromatic compounds constitute large components of apple flavor.  This study targeted 
both known flavor components such as alcohols and esters as well as unidentified volatile 
compounds.  Utilizing 804 AFLP and SSR molecular markers covering all 17 LG, QTL 
were found unequally distributed on 12 of the 17 apple chromosomes.  QTL were heavily 
clustered on LG 2, 3, and 9.  All transformed data were subjected to Kruskal–Wallis 
(KW) rank-sum test along with interval mapping.  QTL for the volatile farnesent was 
present on LG 15 of both parents, and two QTL for allylanisol were located on LG 9 and 
LG 15 of ‗Prima.‘  Other QTL involving volatiles important for flavor were identified on 
LG 1, 2, 3, 5, 6, 7, 9, 11, 12, 15, 16, and 17.  A large number of these QTLs were located 
on LG 3b of the ‗Discovery‘ parent including QTL for four of the six major alcohols as 
well as three esters, within a genetic distance of 10 and 15 cM.  This was also an 
important region on the ‗Prima‘ as it contained QTL for two of the esters.  QTL were 
identified for alcohols and esters on LG 2.  QTL for alcohols were only located on LG 2, 
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3, and 5, whereas, esters were located only on LG 2, 3, 7, and 9.  LG D-3b was identified 
as a very important region wherein some of the strongest QTL were located.    Butanol, 
hexanol, 3-octanol, hexyl butanoate, and hexyl hexanoate were located on this region, 
and explained 40% to 60% of the phenotypic variance.  LG 3 of both parents contained 
QTL for three unidentified compounds and explained 50% to 70% of the phenotypic 
variance.  The interval mapping was confirmed by the Kruskal–Wallis results.   
Davey et al. (2006) used a segregating F1 population from a ‗Telamon‘ x 
‗Braeburn‘ population to identify QTL for vitamin C content in apple in both skin and 
flesh of apple fruit.  MapQTL 4.0 was used to identify QTL using both interval mapping 
and rMQM mapping.   QTL for vitamin C content were located on LG 6, 10, and 11 of 
the ‗Braeburn‘ parent explaining up to 60% of the phenotypic variance.  The same three 
LGs contained QTL unique to the ‗Telamon‘ parent explaining up to 37% of the 
phenotypic variance.  An LOD score of 3.5 was used to indicate high significance of 
these QTL.  A QTL explaining 76% of phenotypic variance for rate of browning at 
harvest was present on LG 3 of the ‗Braeburn‘ parent.  A QTL explaining 66% of 
phenotypic variance for rate of browning at harvest was present on LG 17 of the 
‗Telamon‘ parent.  In addition, two QTL explaining 48% of phenotypic variance for rate 
of browning after shelf life were present on LG 4 and 17 of the ‗Telamon‘ parent.   
Stoeckli et al. (2009) used a segregating population of 160 F1 individuals from a 
cross between ‗Fiesta‘ and ‗Discovery‘ to identify QTL over two years at two locations in 
Switzerland.  MapQTL - 4.0 was used for QTL analysis and each year and location was 
analyzed separately.  Simple interval mapping was used to analyze QTL separately and 
LOD threshold values were determined by the software to reflect a 5% type I 
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genomewide error rate.  QTL interactions were guarded against by using a Bonferroni 
adjustment and tested for using MQM on QTL over the threshold in the interval mapping 
analysis.  A QTL was found on LG 12 for fruit number with an LOD score of 3.53 that 
explained 9.6% of the phenotypic variability.  No QTL for fruit diameter was identified.  
Since this study used the same population but could not confirm two of the fruit number 
QTL found by Liebhard et al. (2003), it was suggested that genotype/phenotype 
relationships changed as seedlings reached maturity. 
Zini et al. (2005) used 86 progeny of a ‗Fiesta‘ × ‗Discovery‘ cross to identify 
QTL using 57 individuals.  QTL were identified using MapQTL ver. 4.0, and both the 
Kruskal Wallis and interval mapping methods were employed.  An LOD score of 2.5 was 
used to identify putative QTL.  The following QTL regions were identified for various 
volatile compounds in apple.  At mass charge ratio (m/z) 28, a QTL on LG 15 of the 
‗Fiesta‘ parent was found explaining 48% variability and on LG 15b of the ‗Discovery‘ 
parent explaining 26% of the variability.  At m/z 43, QTL on LG 2a of the ‗Fiesta‘ parent 
explaining 21% of the variability, on LG 2 of the ‗Discovery‘ parent explaining 24% of 
the variability, on LG 4 of the ‗Fiesta‘ parent explaining 21% of the variability, on LG 9 
of the ‗Fiesta‘ parent explaining 21% of the variability and on LG 14 of the ‗Discovery‘ 
parent explaining 24% of the variability.  At m/z 57, QTL on LG 2 of the ‗Fiesta‘ parent 
explaining 31% of the variability and on LG 2 of the ‗Discovery‘ parent explaining 23% 
of the variability.  At m/z 61, QTL on LG 2 of the ‗Fiesta‘ parent explaining 27% of the 
variability, on LG 2 of the ‗Discovery‘ parent explaining 34% of the variability, on LG 9 
of the ‗Fiesta‘ parent explaining 21% of the variability, and on LG 14 of the ‗Discovery‘ 
parent explaining 23% of the variability.  At m/z 103, QTL on LG 14 of the ‗Fiesta‘ 
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parent explaining 30% of the variability, on LG 1b of the ‗Discovery‘ parent explaining 
19% of the variability, and on LG 3 of the ‗Discovery‘ parent explaining 19% of the 
variability.  At m/z 115, QTL on LG 1b of the ‗Discovery‘ parent explaining 29% of the 
variability, and at m/z 145, QTL on LG 4 of the ‗Fiesta‘ parent explaining 20% of the 
variability was identified. 
The overall goal of this study was to develop tools to increase efficiency in apple 
germplasm collections and breeding programs.  The first objective for this study was to 
develop tools to assess genetic diversity in Malus germplasm.  This included both 
genotypic and phenotypic characterization, and a comparison of the two methods.  The 
second objective was to identify QTLs associated with fruit quality traits.   
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Chapter 2  
Characterization of Malus Germplasm 
Abstract 
To assess genetic diversity and study genetic relatedness in a wide collection of 
Malus germplasm, microsatellites or simple sequence repeats (SSRs) were used to screen 
this collection.  A total of 174 accessions from the Malus core collection, maintained at 
the University of Illinois, were evaluated for several phenotypic traits and genotyped 
using apple SSR markers.  Data on several phenotypic traits were recorded, including 
fruit size, fruit weight, and fruit shape; moreover, data on several fruit quality 
characteristics were also determined, including sugar content (ºBrix), titratable acidity 
(TA), and firmness.  Each of the accessions was then genotyped using a single robust 
SSR marker from each of the 17 different linkage groups in Malus.  These SSR markers 
were selected on the basis of their high levels of polymorphisms, reproducibility, and 
their amplification across wide Malus genetic backgrounds.  Multiple alleles were 
amplified across all screened accessions, thus allowing for analysis of genetic 
relatedness.  Genotypic data were used to characterize the genetic diversity in this 
material.  Principal component analysis (PCA) was used to create new variables 
comprised of the original loci variables.  Genotypic data analysis revealed four distinct 
clusters of apples. 
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Introduction 
Availability of Malus germplasm is an important resource for apple breeding 
programs as it increases genetic diversity thus allowing for development of new apple 
cultivars with enhanced traits.  This aids in diversifying the gene pool, and preserving the 
unique genetic diversity available in this material.  It is vitally important to accurately 
identify and label Malus accessions as often environment by genotype interactions 
influence morphological observations.  Therefore, the use of DNA-based markers to 
characterize Malus germplasm is highly valuable (Garkava -Gustavsson et al. 2008).   
When characterizing germplasm accessions, often duplications of genetic material 
as well as any mislabeled accessions can be detected (Garkava -Gustavsson et al. 2008).  
It is important to properly identify and characterize plant germplasm to protect 
intellectual property as well as to identify parents carrying genes of interest in breeding 
programs (Goulão et al. 2001; Dávila et al. 1998).  By selecting diverse parents in 
breeding programs and increasing genetic diversity through germplasm collections, 
progress can be made in apple breeding towards developing new cultivars with 
economically valuable traits including fruit quality and disease resistance.  It is important 
that Malus germplasm is well characterized due to the cost of germplasm management as 
well as limited land and environmental resources available for germplasm conservation.  
Moreover, determination of genetic identity impacts efficiency and utilization of such 
germplasm collections (Kresovich et al. 1992; Russell et al. 1997).  The constraints of 
Malus germplasm collection management have lead to development of strategies for 
germplasm management.  One of these strategies is the development of a core collection 
containing highest genetic diversity and is representative of the entire collection (Frankel 
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1984; Brown 1989; Marshall 1990; Brown 1995).  Developing core subsets of a 
population enhances the efficiency of screening and evaluation of target traits.  To 
increase the usefulness of core collections, genetic information must be clearly identified 
and documented (Hokanson et al. 1998). 
The use of DNA-based molecular markers is highly critical for pursuing studies to 
assess genetic diversity, determine genetic relatedness, and identify genes of interest 
(Plaschke et al. 1995; O. Donoughue et al. 1994).  Over the years, several molecular 
markers have been developed and deemed useful for genetic assessment (Roldán-Ruiz et 
al. 2001).  Among these are random amplified polymorphic DNA (RAPD), amplified 
fragment length polymorphism (AFLP), microsatellites or simple sequence repeats 
(SSRs), and inter-simple sequence repeats (ISSR) (Goulão et al. 2001).  SSR markers 
may result in slippage in the PCR amplification and slow moving strands containing 
dinucleotides (Wu and Tanksley 1993; Olsen and Eckstein 1989).  However, SSRs are 
known to yield high levels of polymorphisms.  Certain SSRs rely on resolution of tri- and 
tetra-nucleotide repeat sequences over those containing two nucleotide repeat sequences, 
producing fewer of the ―ghost bands‖ as a result of PCR slippage (Rongwen et al. 1995).  
However, SSRs containing these tri- and tetra-nucleotide repeat sequences seemingly 
occur unequally, and are clustered in different locations throughout the genome (Arens et 
al. 1995) rendering them impractical for genetic diversity studies.  Therefore, the high 
polymorphism and reproducibility, combined with the wide range of distribution 
throughout the genome, of dinucleotide containing SSRs, make these markers an ideal 
choice for genetic diversity studies.  Thus, this study utilizes dinucleotide repeat sequence 
SSRs.  For the most part, apple SSR markers have been developed and most have proven 
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highly valuable for identifying and characterizing limited numbers of apple germplasm, 
for identifying loci associated with target genes, and for map-based cloning efforts 
(Liebhard et al. 2002; Naik et al. 2006; Gasic et al. 2009).  The objective of this study 
was to assess genetic diversity in a large collection of Malus germplasm using SSR 
markers. 
Materials and Methods 
Plant material 
Newly-expanding young leaves were collected, in Spring 2008, from 174 Malus 
accessions maintained within the Malus core collection located at the University of 
Illinois (Table 2.1).  These trees ranged between four and six cm caliper at 15 cm above 
soil level and grafted on Malling 9 rootstock.  Trees were sprayed with both insecticide 
and fungicide and the entire core collection was maintained within an area of less than 
one and three-quarters hectares.  Leaves were immediately stored in plastic bags and kept 
on ice in the field, and then maintained at -80 C prior to DNA extraction.  Moreover, 
fruits from each of these accessions were collected up to three times a week as they 
ripened.  Ripeness was determined by color change and firmness.  If ripeness was not 
certain, fruits were sampled at multiple harvest dates to ensure phenotyping at the 
appropriate ripening time point.  Disease-free, healthy apples were randomly chosen from 
each tree.  Three apples were collected from up to two trees per accession, and stored in 
paper bags.  After collection, apples were held at 4 C for no longer than two weeks.  In 
2009, the core collection was transplanted to a new location, and therefore second year 
fruit data were not collected. 
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DNA extraction 
Leaves were ground in liquid nitrogen and then Vortexed in microfuge tubes with 
small ball bearings.  DNA was extracted following the protocol described by Kobayashi 
et al. (1998) with a slight modification by extending the incubation period for an 
additional 20 min at 65 C.  Moreover, after adding isopropanol, microfuge tubes were 
kept at -20 C for no less than 4 h.  DNA quality was assessed using a Nanodrop
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spectrophotometer (ND-1000, Thermo Fisher Scientific, Pittsburgh, PA), and then diluted 
to 50 ng/µL. 
PCR amplification 
DNA fragments were subjected to PCR amplification using 17 robust SSR 
markers spanning all 17 linkage groups (LG) of Malus (Tables 2.2 and A1).  The 17 
robust SSR markers were identified and tested by the European Cooperative Program for 
Plant Genetic Resources, and found to be highly polymorphic (Evans et al. 2007).  PCR 
reactions were performed in 96-well plates in a total volume of 10 µL containing 50 ng 
template DNA, 4.25 nuclease-free water, 0.3 mM MgCl2, 0.2 X Green GoTaq® Flexi 
Buffer, .05 U GoTaq® DNA polymerase (Promega, Madison, WI), 0.04 mM of each 
dNTP, 0.25 µL forward primer (10 µM), 0.25 µL reverse primer (10 µM), and 0.15 µL 
M13 fluorescent dye (10 µM). 
PCR amplification was carried out using either a Thermo Fisher Scientific multi-
block thermal cycler (Pittsburgh, PA) or a GMI MJ Research PTC-100 or PTC-200 
(Ramsey, MN).  Amplifications were performed using the following conditions: initial 
denaturation at 94°C for 4 min, 5 cycles of 94°C for 1 min, 54°C for 1 min, 72°C for 1 
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min, 30 cycles of 94°C for 1 min, 52°C for 1 min, 72°C for 1 min and a final extension at 
72°C for 30 min.  This was followed by a holding pattern at 4°C.   
Capillary electrophoresis  
Four M13 dyes were used including FAM (blue), VIC (green), PET (red), and 
NED (yellow).  PCR products were multiplexed and repeating dyes in the same multiplex 
were separated by a minimum of 20 bp.  After all PCR reactions were completed, they 
were screened for signal strength, diluted to similar strengths, and multiplexed.  
Multiplexed PCR products were separated at the W.M. Keck Center (Biotechnology 
Center) at the University of Illinois via fragment analysis using capillary electrophoresis.  
DNA fragments were separated using an ABI 3730xl sequencer (Applied Biosystems, 
Inc., Foster City, CA).  PCR products were multiplexed with various fluorescing M13 
dyes and a LIZ 600 size standard (Table 2.3).  Raw data were analyzed using 
GeneMapper™ Software ver. 4.0 (Applied Biosystems, Inc.) to determine fragment size 
in basepairs (Figure A1).  A manual binning step was included to assign lengths to any 
uncategorized fragments, and all automated results were manually reviewed.   
Phenotypic analysis  
Phenotypic measurements for fruit of 174 Malus accessions were recorded for the 
following parameters: firmness in sun (lbf), firmness in shade (lbf), circumference (cm), 
length (cm), diameter at mid-section (cm), shape, weight (g), sugar content (°Brix), and 
titratable acid (%).  Firmness measurements were taken using an 11.1 mm diameter 
Effegi penetrometer (Effegi, Alfonsine, Italy) on both sunny and shady fruit surfaces after 
the peel was removed.  Calipers (144 MM, General Tools, New York, NY) were used for 
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measuring circumference, length, and diameter.  Shapes were characterized into oblate 
(1) , round oblate (2), round (3), oblong (4), oblate oblong (5), and conic oblong (6), and 
assigned numerical values for analytical purposes.  Sugar content was measured using a 
Leica refractometer (Model 10430, Leica, Buffalo, NY).  Five drops of undiluted apple 
juice were placed on the refractometer for each of three fruits for each of three trees per 
accession.  Titratable acid was determined by titrating 1 mL of apple juice in 99 mL of 
reverse osmosis filtered water to an endpoint of 8.2 pH using 0.01 N sodium hydroxide.  
This measure was repeated for each of three fruits for each of three trees per accession 
when available.  Certain accessions, mainly crabapples, did not produce 1 mL of juice 
and were, therefore, bulked to obtain enough juice for titration. 
Statistical analysis 
Data for each SSR were assessed for normality using the univariate function in 
SAS® 9.2 software.  All SSR marker data were subjected to univariate function to assess 
normality of these data.  Non-normal data were analyzed using a Kruskal-Wallis analysis 
of variance.  These data were subjected to the correlation procedure to determine 
correlation among these variables.  Data were then subjected to a principal component 
analysis (PCA) to create principal components (PCs) based on various markers.  This 
analysis was used to identify correlation among different allelic data points and create 
PC, which were subsequently used for further analysis.   
A second PCA was carried out and the final number of PCs used was based on 
eigenvalues and the amount of cumulative variance present in each PC (Johnson 1998).  
Once the number of PCs was determined, the newly created PCs were used in the 
univariate function to determine normality, among other statistics.  The PCs were then 
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used in hierarchical cluster analysis, and scatter plots were created along with a 
corresponding dendrogram.   
Data Eucladian distance was measured to form the dissimilarity matrix for the 
cluster analysis and the Ward‘s Minimum Variance method was used to generate cluster.  
The number of clusters was determined by the CCC, the Pseudo-F, and the Pseudo T-
Squared along with the R square values, and a scatter plot of the accessions was 
generated (Johnson 1998).   
Data for each phenotypic parameter were assessed for normality using the 
univariate function in SAS® 9.2 software.  These data were subjected to the correlation 
procedure to determine correlations among all phenotypic variables.  Data were then 
subjected to analysis of variance (ANOVA).  If data were not normal, then a Kruskal-
Wallis analysis of variance was carried out.  Data were then subjected to a principal 
component analysis (PCA) to create principal components (PCs) based on the phenotypic 
variables.  This analysis was used to identify correlation among the different phenotypic 
data points and create PC.  The number of PCs was determined, and these PCs were then 
used in hierarchical cluster analysis.  Scatter plots were created along with a 
corresponding dendrogram.  All statistical analysis was performed using SAS® 9.2 
software.   
Results  
Genotypic analysis 
All 17 SSR primer pairs generated multiple fragments in the Malus germplasm 
core collection (Figure A2).  A total of 332 missing data points from a possible 2,784 
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following a second repetition of the capillary electrophoresis were noted.  Of the 332 
missing data points 31% were attributed to the SSR marker NZ05g08, which was then 
removed from the data set for analysis.  There were a total of 429 fragments amplified by 
the remaining 16 analyzed markers.  Amplified fragment lengths ranged anywhere from 
109 to 293 bp.  Lengths of alleles ranged from 1 bp less than expected to an additional 51 
bp longer than expected.  On average, the range of size for alleles on one end of the 
spectrum was 12 bp shorter than observed in previous studies and 21 bp longer than 
previously observed (Table 2.4).   
The number of fragments amplified by each marker ranged from 17 (GD12) to 48 
(CH04f10) and the average number of fragments was 24.3125 fragments per marker.  
Generally, several alleles were amplified in large numbers within accessions, with many 
alleles present either once or twice in the entire core collection.  The number of rare 
alleles ranged from four in GD147 and Hi02c07 to 24 in CH04f10, wherein a rare allele 
was defined in 2% or less of the number of accessions.  There were a total of 169 rare 
alleles produced by all 16 analyzed markers (Table 2.5).  Loci GD147 and Hi02c07 had 
four rare alleles; while CH01h01 and CH02c09 had 8 rare alleles.   Loci CH04c07, 
GD12, CH05f06, and CH04e05 had five, six, seven, and nine rare alleles, respectively.  
Loci CH02c11, CH03d07, and CH01h10 had 10 rare alleles each.   Loci CH02c06 had 13 
rare alleles; while CH02d08 and CH01f03b had 15 rare alleles each.  Finally, CH01f02 
had 21 rare alleles and CH04f10 had 24 rare alleles.  Generally, heterozygosity for these 
markers was similar to the expected heterozygosity.  Direct count heterozygosity ranged 
from 0.49 for loci GD12 to 0.82 for CH03d07 and CH02C06 (Table 2.6).  Loci where 
only one DNA fragment was visible were considered homozygous for that fragment.  If 
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these loci were actually heterozygous for that allele and a null allele, then heterozygosity 
levels and genetic diversity reported in this analysis were underestimated.  
Summary statistics for all genotypic data is presented in Table 2.7.  The Shapiro-
Wilks test for normality on the raw data was significant for all loci, thus assumptions 
required for ANOVA were not met.  Following an initial PCA, seven markers were 
removed to increase the number of accessions that could be included in the analysis, as 
many accessions lacked data points at a single marker.  Correlations were high between 
two loci of each marker as was expected (Table A2).  Therefore, PCs were generally 
comprised of different pairs of loci explaining variability within each PC.  The initial 
round of PC indicated that markers explaining the highest variability observed in these 
data were CH01f02, CH01h01, CH01h10, CH02c09, CH02d08, CH03d07, CH04c07, 
GD147, Hi02c07, CH01f03b, CH02c06, CH02c11, and CH04f10.  The number of 
markers used in the final analysis was further reduced according to the number of 
markers used in previous apple germplasm and cultivar characterization studies as well as 
for selection of missing data points.  The final marker set used for analysis was 
CH01h10, CH02c09, CH02d08, CH03d07, CH04c07, GD147, Hi02c07, CH01f03b, 
CH02c06, and CH04f10.   
A second round of PCA was carried out using only those 10 markers explaining 
the highest variability in these data and containing the fewest missing data points for the 
germplasm accessions.  The number of PCs were determined by eigenvalues, the amount 
of cumulative variance explained, and scree plot from the PCA (Table A3 and Figure 
A3).  The appropriate number of PCs for use was determined to be 10.  After 10 PCs, 
each individual component would explain less variability in the data than one of the 
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original variables and would explain less than five percent of additional variance.  The 10 
PC explained more than 75% of the variability.  Eigenvectors for the 10 PC indicated that 
the first PC was mainly comprised of SSR markers CH01h10, CH03d07, GD147, 
Hi02c07, and CH01f03b.  The second PC was mainly comprised of CH02c09, CH03d07, 
GD147, and CH01f03b.  While the third PC was mainly comprised of CH02c09, 
CH04c07, and CH04f10.  These three PCs alone contained over one-third of the total 
variability within the data set.  Additional information on the contribution of markers to 
the 10 PCs is presented in Table 2.8. 
The 10 PCs were analyzed using the univariate function, PCs produced from the 
original variables were determined to be normal according to the Shapiro-Wilks test for 
normality in all but the first PC (Table A4).  These PCs were then used in the cluster 
function of SAS 9.2, which produced a dendrogram composed of four distinct clusters 
(Figure 2.1).  The cubic clustering criterion (CCC) was maximized and the Pseudo-F and 
Pseudo T-squared plots were minimized at around four, indicating that the appropriate 
number of clusters was indeed four (Figure A4).  There was a slight drop in steepness of 
the Scree plot and the R-square values also dropped by a large amount (0.064), from four 
to three clusters instead of slight previous drops in R-square values (0.034.)  Both of 
these measures confirmed that four clusters were appropriate for characterizing this core 
collection.  The four distinct clusters produced were populated as follows: the first cluster 
contained 37 accessions, the second cluster contained 21 accessions, the third cluster 
contained 27 accessions, and the forth cluster contained 36 accessions for a total of 121 
individuals that were able to be characterized (Table 2.9).  A scatter plot of the accessions 
(Figure 2.2) was produced using PC one and PC two, which were comprised of markers 
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CH01h10, CH03d07, GD147, Hi02c07, CH01f03b and CH02c09, CH03d07, GD147, and 
CH01f03b, respectively.   
Phenotypic analysis 
The p-values for the Shapiro-Wilks tests for normality for all phenotypic 
parameters analyzed were Pr. < 0.01, indicating the data were not normal (Table A5).  
Therefore, the Kruskal-Wallis non-parametric analysis of variance was used instead of 
ANOVA for these data.  Significant differences were observed among accessions for all 
parameters analyzed.  Dependent variables were correlated to each other; e.g. fruit length, 
fruit diameter, and fruit circumference were highly correlated to each other, as well as 
with fresh fruit weight (Table A6).   
Among all accessions tested, ‗Petrel‘ (4.5 lbf) and ‗Irish Peach‘ (5 lbf) had the 
lowest firmnessR and ‗PRI 1484-1‘ (26.6 lbf) and ‗E 36-7‘ (27.0 lbf) had the highest 
firmnessR.  ‗FORM 181(35-01)‘ (5.0 lbf) and ‗Petrel‘ (5.3 lbf) had the lowest firmnessG; 
while CO-3-27 (26.5 lbf) and ‗E 36-7‘ (26.9 lbf) had the highest firmnessG.  Marshall 
McIntosh', 'Northern Spy', 'Golden Delicious', 'Empire', 'Cortland', 'Liberty', and 'Gala' all 
had medium firmmness measures ranging from 14.3 lbf to17.6 lbf for firmnessR and 13.9 
lbf to 16.5 for firmnessG.   
CO-2-24 (2.064 cm) and CO-2-12 (2.54 cm) had the lowest circumference and 
‗Spokane Beauty‘ (31.59 cm) and ‗Kimball McIntosh‘ (28.58 cm) had the highest 
circumference.  CO-2-12 (0.794cm) and CO-2-24 (0.794 cm) had the lowest diameter; 
while ‗Kimball McIntosh‘ (9.208 cm) and ‗Spokane Beauty‘ (10.001 cm) had the highest 
diameter.  CO-2-51 (0.635 cm) and CO-2-12 (0.794 cm) had the lowest length and ‗KAZ 
9609-05‘ (7.62 cm) and Spokane Beauty (9.525 cm) had the highest length.  Generally, 
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Malus species, including M. hartwigii, M. rockii, and M. persicifolia, were among the 
smallest accessions; while many commercially produced cultivars such as ‗Prima‘, 
‗Gala‘, and ‗Golden Delicious‘, and ‗Marshall McIntosh‘, ‗Wijcik McIntosh‘, ‗Northern 
Spy‘, ‗Cortland‘, ‗Sweet Delicious‘, ‗Kimball McIntosh 2-4-4-4‘, and ‗Mollie‘s 
Delicious‘ were midsized and large, respectively.  There were 67 accessions that were 
classified as oblate, 63 accessions classified as round oblate, 45 accessions classified as 
round, 14 accessions classified as oblong, and 12 accessions classified as conic oblong 
(Table 2.10).  There were 101 repetitions that were classified as multiple shapes for the 
same accessions. 
CO-2-24 (0.256 g) and CO-2-12 (0.295 g) the lowest fruit fresh weight; while 
‗Spokane Beauty‘ (390.400 g) and ‗Mollie‘s Delicious‘ (317.100 g) had the highest fruit 
fresh weight.  M. hartwigii (7.4 ° Brix) and ‗White Angel‘ (8.1 ° Brix) had the lowest 
total soluble solids and the fruits with the most total soluble solids were CO-2-31 (33.3 ° 
Brix) and ‗Arnold Crab‘ (29.9 ° Brix).  Generally, common cultivars for fresh use, 
including both ‗Golden Delicious‘, and ‗Sweet Delicious‘, ranged from 14.2° Brix to 
16.6° Brix.  Surprisingly, the ornamental cultivar ‗White Angel‘ and the crabapple 
‗Robart‘s Crab‘ were in the same range for total soluble solids as the fresh use cultivars 
in the14.2° Brix to 16.6° Brix range.  ‗Mollie‘s Delicious‘ (0.0013 %) and ‗James 
Grieve‘ (Red Rosamund Strain)(0.0016%) were the accessions with the lowest total 
titratable acids and CO-2-59 (0.0798%) and M. rockii (0.0792 %) had the highest total 
titratable acidity.  Generally, apples for fresh consumption, such as ‗Empire‘, ‗Gala‘, 
‗Golden Delicious‘, and ‗Cortland‘, had medium total titratable acidity ranging from 
0.6% to 1.3%.  Interestingly, ‗Mollie‘s Delicious‘ is the most acidic accession, despite 
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‗Golden Delicious‘ being a medium acid apple, as it is in ‗Mollie‘s Delicious‘ lineage.  A 
sample of the phenotypic data can be found in Table 2.11.   
A PCA was carried out on the phenotypic variables.  Three PCs contributing over 
98% amount of the variability, and correlations were high between circumference, length, 
diameter, and weight, as well as firmnessR, and firmnessG as was expected (Table A7).  
The Eigenvectors for the three PCs indicated that the first PC was mainly comprised of 
circumference, diameter, length, and weight; while the second PC was mainly comprised 
of shape, and the third PC was mainly comprised of total soluble solids (Table A8).  
These PCs were then used to produce a dendrogram composed of five distinct clusters 
wherein most intra-cluster relationships formed with R-square values >0.90 (Figure 2.3).  
However, the relationships observed within the four clusters of the dendrogram 
constructed using these SSR markers were not as distinctly grouped (many intra-cluster 
relationships formed with R-square values <0.70).  Clear grouping structures have not 
been observed in previous studies (Garkava-Gustavsson et al. 2008), with the exception 
of a study of Spanish cider apples (Pereira-Lorenzo et al. 2007).   
The five distinct clusters produced contained 12 accessions, 43 accessions, 16 
accessions, 22 accessions, and 6 accessions for a total of 99 individuals that were able to 
be characterized (Table 2.12).  A scatter plot of the accessions (Figure 2.4) was produced 
using PC one and PC two, which were comprised of circumference, diameter, length, 
weight, and shape, respectively.  Clear clusters were observed in the scatter plot as most 
variability in phenotype was present within the first two PCs.   
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Discussion 
This core collection was selected as the best representative of genetic diversity for 
trait evaluation among the main collection (Forsline et al. 1996).  Descriptors for the 
USDA germplasm collection are posted at http://article.pubs.nrc-cnrc.gc.ca/ RPAS/ 
rpv?hm=HInit&afpf=g02-71.pdf&journal=gen& volume=45.  Molecular markers have 
been important for managing germplasm collections (Bretting and Widrlechner 1995).  
Specifically, molecular markers have been used studying diversity in both wild and 
domesticated apple cultivars (Benson et al. 2001; Coart et al. 2003; Garkava-Gustavsson 
et al. 2008; Gaurino et al. 2006; Gharghani et al. 2009; Hokanson et al. 2001; Hokanson 
et al. 1998; Iannaccone et al. 2007; Kitahara et al. 2005; Martinelli et al. 2008; Richards 
et al. 2009; Volk et al. 2009; Zhang et al. 2007). 
To characterize this core collection, DNA was extracted from all accessions for 
genotypic analysis.  PCR amplification was performed on all accessions using 17 robust 
SSR markers spanning all 17 LG.  Primer selection is especially important for 
comparative purposes.  Previously, fragment size differences of 1 to 4 bp in reference 
cultivars have been observed, most likely the result of differences in internal size 
standards and binning procedures (Garkava-Gustavsson et al. 2008).  After preliminary 
screening of DNA fragments using 2% Lonza MetaPhor® Agarose gels chilled to 4° C, it 
was determined that resolution would need to be increased for accurate fragment length 
identification and that capillary electrophoresis would be appropriate to use for the 
separation of amplified PCR products.  This method involves separating DNA fragments 
using electrical current in a capillary tube.  Fragments separate according to size (Heller 
2001).  Another benefit of using the capillary system is the ability to use multiple markers 
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for each separation.  Each primer pair has a dye attachment site on the 5‘end of one 
primer (Williams and Soper 1995).   
The number of alleles obtained from each marker ranged from 17 (GD12) to 48 
(CH04f10).  The largest difference between the number of alleles previously observed 
and the number of alleles observed in this study was for CH04f10 exhibiting 39 
additional loci than that reported by Liebhard et al. (2002).  The GD12 locus exhibited 
the most similarity between this study and previous observations, producing only five 
additional alleles than that reported by Hokanson et al. (1998).  Again, this could possibly 
be explained by the genetic diversity present within the core collection.  It could also be 
explained by the method of DNA separation and the increased ability to detect 1-2 bp 
length differences.   
Out of 17 SSRs used, five markers exhibited heterozygosity of more than 10% 
difference from the expected heterozygosity.  Loci CH01h01, CH04c07, and CH04f10 
(Liebhard et al. 2002) exhibited actual (expected in parenthesis) heterozygosity of 0.66 
(0.80), 0.70 (0.82), and 0.61 (0.88), respectively.  The locus GD12 (Hokanson et al. 
1998) displayed heterozygosity of 0.49 (0.76), and NZ05g8 (Guilford et al. 1997) 
displayed a rate of 0.24 (0.76).   Four of the five markers with higher than 10% difference 
were markers with relatively higher rates of missing data, which would explain the 
discrepancy between the heterozygosity rates.  A second possible explanation would be 
attributed to the larger number of accessions analyzed over previous studies.   
Locus CH02c06 amplified 17 additional alleles, but had 9% lower heterozygosity 
than reported by Garkava-Gustavsson et al. (2008).  Similarly, loci CH02c09, CH02c11, 
and CH04e05 amplified 12, 14, and 11 additional alleles, respectively, and exhibited 
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14%, 5%, and 4% lower heterozygosity, respectively, than reported by Garkava-
Gustavsson et al. (2008).  Though locus CH02d08 amplified an additional 22 alleles, it 
had 6% higher heterozygosity than reported by Garkava-Gustavsson et al. (2008).  These 
differences could be attributed to the analysis of only 68 accessions in Garkava-
Gustavsson et al. (2008), or a difference in manual binning procedures or the applied size 
standard.  The locus GD 12 amplified five additional alleles than observed by Hokanson 
et al. (1998), but 16 fewer alleles than Hokanson et al. (2001); while GD 147 amplified 
five additional alleles than observed by Hokanson et al. (1998), but 5 fewer alleles than 
Hokanson et al. (2001).  GD 12 exhibited lower heterozygosity than reported by 
Hokanson et al. (1998), and Hokanson et al. (2001), by 27%, and 26%, respectively.  This 
was most likely due to missing marker data, thus, this marker was not selected for use in 
the cluster analysis.  GD 147 exhibited 7% lower heterozygosity than Hokanson et al. 
(1998), and 2% higher heterozygosity than Hokanson et al. (2001).   
Locus CH02c09 amplified 15 additional alleles, but had 14% lower 
heterozygosity than reported by Kitahara et al. (2005).  Similarly, loci CH02d08, and 
CH01f03b had higher numbers of alleles amplified (26 additional alleles, and 24 
additional alleles), and lower heterozygosity (8% lower, and 5% lower, respectively) than 
reported by Kitahara et al. (2005).   Locus CH03d07 had 15 additional alleles and 2% 
higher heterozygosity than reported by Kitahara et al. (2005).  A possible explanation of 
these differences would be attributed to the larger number of accessions analyzed in this 
study, as Kitahara et al. (2005) only analyzed a total of 42 apple accessions.  Locus GD 
12 amplified four fewer alleles and showed 32% higher heterozygosity than reported by 
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Richards et al. (2009); while loci GD 147 amplified six fewer alleles and showed 2% 
lower heterozygosity than reported by Richards et al. (2009).   
Generally, this study observed higher allelic diversity than previous studies 
(Kitahara et al. 2005; Garkava-Gustavsson et al. 2008; Hokanson et al. 1998).  A possible 
explanation would be attributed to the studied germplasm accessions.  This study 
included 174 accessions from diverse genetic backgrounds; while previous studies have 
focused on smaller collections consisting primarily of M. x domestica cultivars.  As 
modern cultivars are founded from a relatively narrow genetic base, it is not unexpected 
that these collections would be less genetically diverse.  Only five founding clones were 
progenitors for 64% of 439 cultivars in a coancestry study (Noiton and Alspach 1996) 
highlighting the highly shared genetic identity of modern apple cultivars.  Relatively high 
allelic diversity has been reported in studies that include wild Malus species (Richards et 
al. 2009; Hokanson et al. 2001).  However, in contrast to increased allelic diversity, this 
study observed generally lower heterozygosity than previous studies (Kitahara et al. 
2005; Garkava-Gustavsson et al. 2008; Hokanson et al. 1998).  A possible explanation 
would be attributed to the diversity of this germplasm collection.  The process of plant 
breeding and selection results in crop improvement, possibly induced by higher 
heterozygosity levels (Lamboy and Alpha 1998).  As this study included wild Malus 
species, heterozygosity levels were lower than what would generally be observed in 
collections containing only domesticated apple. 
The rate of rare alleles is lower than reported in previous studies (Liebhard et al. 
2002; Silfverberg-Dilworth et al. 2006; Hokanson et al. 1998). The rate of rare alleles is 
39%, compared to rare and unique (<5%) allele rates of 53% (Garkava-Gustavsson 
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2008). This could possibly be explained by the use of different SSRs, as seven of the 12 
markers are different in these studies.  Rare alleles are vital to maintaining genetic 
diversity, as they are unique and enable adaptation for environmental shifts (Richter et al. 
1994; Bengtsson et al. 1995).  Thus, these alleles are important components of this core 
collection.   
The range of size for alleles was different than observed in previous studies.  
Allele size ranged 12 bp shorter than previously observed and 21 bp longer than 
previously observed.   This could be possibly attributed to the high numbers of accessions 
that had not been previously screened with these markers, and the genetic diversity in this 
core collection.  Gharghani et al. (2009) reported similar observations and was also 
attributed to the number and diversity of accessions used.   
A larger germplasm collection of at least 320 accessions would be required to 
appropriately utilize all 34 loci variables for all 17 markers used in this study.  Therefore 
PCA was performed on these marker data.  The PCA yielded 10 PCs accounting for 
correlation both between markers and loci.  These were used for cluster analysis to 
produce a scatter plot and a corresponding dendrogram.  The scatter plot created from the 
cluster analysis yielded four groups that did not clearly segregate on the plot.  Though the 
scatter plot‘s clusters were overlapping and were not clearly distinguishable, it should be 
noted the scatter plot was a two dimensional graphical representation of these data.  A 
total of 10 PCs were used, and therefore the data were being analyzed in p=10 
dimensions.  As only two of the PCs were used for visualization, it was assumed that, 
based on the already developing segregation, clusters would be clearly differentiated in a 
10 dimensional space (Johnson 1998). 
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All analyzed Malus sp. with the exception of M. microcarpa, were assigned to the 
second cluster of the genotypic dendrogram.  However, this was not the case for the 
phenotypic dendrogram, as M. prunifolia macrocarpa was assigned to the second cluster, 
M. xanthocarpa, and M. hartwigii were assigned to the forth cluster, and M. rockii, and 
M. persicifolia were assigned to the fifth cluster.  Clustering of wild individuals was 
previously reported by Coart et al. (2003).  ‗Marshall McIntosh‘, ‗Kimball McIntosh, and 
‗Wijcik McIntosh‘ were located in close proximity to each other in both genotypic and 
phenotypic dendrograms.  Though M. rockii, ‗Arnold Crab‘, and ‗Nagano‘ were 
phenotypically similar, they were not genetically similar, as they were assigned to three 
different clusters within the genotypic dendrogram.  Among the 36 common accessions 
that were able to be assigned to both the genotypic and the phenotypic dendrograms, 27 
of the accessions were grouped similarly in both dendrograms; while nine accessions 
were assigned to extremely different clustering regions on the phenotypic dendrogram 
than had been observed on the genotypic dendrogram. 
Overall, Malus, relatives are located in close proximity within the dendrogram.  
Malus pedigrees reported by Noiton and Alspach (1996) have been investigated.  
‗Monroe‘ is a parent of ‗Burgundy‘, both of which are located within the first cluster of 
the genotypic dendrogram and the second cluster of the phenotypic dendrogram.  
‗Antonovka‘ is a ―grandparent‖ of ‗Monroe‘, wherein the sports ‗Antonovka 1.5 Pounds‘ 
and ‗Monroe‘ are located within the first cluster of the genotypic dendrogram, and the 
sport ‗Antonovka 172670-B‘ and ‗Monroe‘ are located within cluster two of the 
phenotypic dendrogram.  ‗Florina‘ is one eighth ‗Golden Delicious‘ (Noiton and Alspach 
1996), both of which are located within the third cluster of the genotypic dendrogram and 
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the second cluster of the phenotypic dendrogram.  ‗McIntosh‘ is a parent of ‗Trent‘ 
(Noiton and Alspach 1996), and three McIntosh type apples, ‗Kimball McIntosh‘, 
‗Wijcik McIntosh‘, and ‗Marshall McIntosh‘, are located within the second cluster of the 
phenotypic dendrogram with ‗Trent‘.  ‗Rome Beauty Law‘ and ‗Monroe‘ are assigned to 
two different clusters within the genotypic dendrogram, cluster four and cluster one, 
respectively, despite ‗Rome Beauty‘ being a parent of ‗Monroe‘.  However, ‗Rome 
Beauty Law‘ and ‗Monroe‘ are both located within cluster two of the phenotypic 
dendrogram.  A possible explanation would be attributed to environmentally induced 
variation that renders morphological identification difficult (Garkava-Gustavsson et al. 
2008, Martinelli et al. 2008).  Hokanson et al. (1998) have reported ‗Monroe‘ and ‗Rome 
Beauty Law being clustered in close proximity.  Similarly, ‗Red Spy‘, a sport mutation of 
‗Northern Spy‘, and ‗Jonafree‘ are assigned to two different clusters within the 
phenotypic dendrogram, cluster two and cluster four, respectively, despite ‗Red Spy‘ 
being a ―grandparent‖ of ‗Jonafree‘.  This observation differs from that reported by 
Hokanson et al. (1998), as ‗Northern Spy‘ clustered closely to ‗Jonafree‘ in the previous 
study.   
Among the clusters generated, the first contained ‗Monroe‘, ‗Antonovka‘, and 
‗Burgundy‘, the first two of which were in lineage with the third genotype.  ‗Golden 
Delicious‘ is a ―grandparent‖ of ‗Florina‘, both of which are located within the third 
cluster.  However, ‗Golden Delicious‘ and ‗Prima‘ are assigned to two different clusters, 
clusters three and four, respectively, despite ‗Golden Delicious‘ being a ―grandparent‖ of 
‗Prima‘ (Noiton and Alspach 1996).  Comparisons have been also made between the 
assembled dendrogram and that reported by Hokanson et al. (1998).  ‗Marshall 
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McIntosh‘, ‗Wijcik McIntosh‘, ‗Kimball McIntosh‘, and ‗Cortland‘ are clustered in 
extreme proximity to each other, and similar to that reported by Hokanson et al. (1998).  
This is also true for ‗Anna‘ and ‗Dorsett Golden‘.  This close proximity within the 
dendrograms indicates genetic similarity.  Similarly, ‗Marshall McIntosh‘, ‗Wijcik 
McIntosh‘, ‗Kimball McIntosh‘, ‗Cortland‘, ‗Burgundy‘, ‗Anna‘, ‗Dorsett Golden‘, 
‗Nova Easygro‘, ‗Reinette Simirenko‘ and ‗Monroe‘ are assembled within the first cluster 
in this study and that reported by Hokanson et al. (1998).  However, ‗Golden Delicious‘, 
‗Florina‘, ‗Liberty‘, along with ‗Sweet Delicious‘, ‗Virginiagold‘, ‗Ein Shemer‘, ‗Fuji 
Red Sport Type 2‘, ‗Ingol‘, ‗Rome Beauty Law‘, ‗Northern Spy‘, and ‗Rhode Island 
Greening‘, all of which are grouped in the first cluster of Hokanson et al. (1998) are in 
clusters of three and four, respectively, in this study.  One possible explanation for these 
observed differences could be attributed to the different statistical analyses (unweighted 
pair-group method) used by Hokanson et al. (1998).  Ward‘s minimum variance method 
is used in this study.  Another possible explanation could be attributed to differences in 
DNA separation.  Hokanson et al. (1998) used the ABI 377 or 373 DNA sequencing 
system (Applied Biosystems, Inc.) for gel-based separation; whereas, ABI 3730xl 
sequencer (Applied Biosystems, Inc.) for separation via capillary electrophoresis was 
used in this study. 
‗Golden Delicious‘, a parent of ‗Gala‘ (Kouassi et al. 2009), and are located 
within the second cluster of the phenotypic dendrogram and have similar fragment 
lengths for 11 loci (not analyzed due to missing data at analyzed markers).  Hokanson et 
al. (1998) have reported that ‗Golden Delicious‘ and ‗Gala‘ are located in the second 
group.  ‗Fuji‘ and ‗Empire‘ are clustered in extreme proximity, similar to that reported by 
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Kitahara et al. (2005).  ‗White Angel‘ and M. hartwigii are reported as originating in the 
United States and were located in close proximity to each other (Oraguzie et al. 2001).  
Similarly, ‗Korichnoe Polosatoje‘ and ‗Antonovka‘ are grouped together within cluster 
one and are reported to have similar location of origin in Russia (Oraguzie et al. 2001). 
Comparisons were made between the assembled dendrograms and dendrograms 
constructed by Hokanson et al. (2001).  ‗PRI 1754-2‘, ‗PRI 1316‘, ‗PRI 1918-1‘, ‗PRI 
1484-1‘, and ‗PRI 1773-6‘ were all clustered in extreme proximity to each other, and 
similar to that reported by Hokanson et al. (2001).  However, ‗PRI 384-1‘ was located in 
a different cluster, despite being located in close proximity to other PRI accessions in 
Hokanson et al. (2001).  M. xanthocarpa, ‘Hansen's #2‘, and ‗Inuringo‘ clustered in 
proximity to each other, and similar to that reported by Hokanson et al. (2001).  This was 
also the case with the accession pairs ‗PRI 2050‘, and ‗E 36-7‘, M. rockii, and ‗Rockii‘, 
and ‗Novosibirski Sweet‘, and M. hartwigii.  However, ‗E 36-7‘ and ‗PRI 1773-6‘ were 
assigned to different clusters despite being located in close proximity in Hokanson et al. 
(2001).  This was also the case with ‗Inuringo‘ and ‗Kansas K14‘, and M. xanthocarpa 
and M. microcarpa.  ‗White Angel‘, ‗Prairifire‘, and ‗Arnold Crab‘ are crabapples that 
were assigned to three different clusters in this study.  However, Hokanson et al. (2001) 
reported relatively small genetic distances among them and assigned these accessions to 
the same group.  Though another crabapple, ‗Yellow Autumn Crab‘, and ‗White Angel‘ 
are clustered in extreme proximity, similar to that reported by Hokanson et al. (2001).  In 
addition, these four crabapple accessions all clustered relatively closely on the phenotypic 
dendrogram.   
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Three pairs of accessions are grouped together with an R-square value of 1.00.  
This indicates that there are no differences among the accessions.  The accession pairs 
RUS 98 07-01 / KAZ 93-24-01 and PRI 384-1 / CO-2-43 are either genetically identical 
accessions collected from different sites or mislabeled at the sampling site.  The third 
pair, ‗Kansas K14‘ and an unidentified accession are also grouped together with an R-
square value of 1.00, making it possible to identify the unlabeled accession as ‗Kansas 
K14‘.  For all three cases, the probability of having the same genetic makeup for 10 
analyzed markers and not being genetically identical is low.  There are some fragment 
lengths for other markers that were not analyzed, and a few that were, which were not 
identical but were close enough (within one basepair) that classification errors of the 
alleles seem likely.  Taking into account the 3 pairs genetically identical accessions with 
R-Square values of 1.00, there was a total of 133 unique genotypes.   
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Tables 
Table 2.1 Apple accessions from the Malus germplasm core collection with 
corresponding accession ID. 
Accession Accession ID 
99TU-08-02 W3-15-40 
99TU-16-01 W3-17-19 
99TV-20-01 W3-17-51 
Anna CO-1-2 
Antonovka 172670-B CO-1-4 
Antonovka 1.5 lbs. CO-1-3 
Antonovka Kamenichka CO-1-5 
Arnold Crab CO-3-2 
Bechtel crab CO-2-23 
Brite Gold CO-1-6 
Burgundy CO-1-7 
CH 9703-02 W3-7-32 
CH 97-07-07 W3-10-57 
CH97 06-2 W3-6-5 
CH97-04-13 W3-4-46 
Chisel Jersey CO-9-4 
- CO-1-23 
- CO-1-55 
- CO-1-56 
- CO-1-57 
- CO-1-67 
- CO-2-11 
- CO-2-11 
- CO-2-12 
- CO-2-16 
- CO-2-24 
- CO-2-26 
- CO-2-27 
- CO-2-27 
- CO-2-29 
- CO-2-3 
- CO-2-301 
- CO-2-31 
- CO-2-33 
- CO-2-35 
- CO-2-43 
- CO-2-45 
- CO-2-51 
- CO-2-52 
- CO-2-56 
- CO-2-57 
- CO-2-59 
- CO-2-60 
- CO-2-61 
- CO-2-65 
- CO-2-66 
- CO-2-7 
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Table 2.1 Apple accessions from the Malus germplasm core collection with 
corresponding accession ID. 
Accession Accession ID 
- CO-2-8 
- CO-3-26 
- CO-3-31 
- CO-3-35 
- CO-3-4 
- CO-3-42 
- CO-3-6 
- CO-4-11 
- CO-4-61 
Cortland CO-1-12 
Crimson Beauty CO-1-14 
Demir CO-1-17 
Dorsett Golden CO-1-19 
E 11-24 CO-1-20 
E 36-7 CO-1-24 
E29-56 CO-1-22 
Ein Shemer CO-1-28 
Empire CO-1-30 
Fuji Red Sport Type 2 CO-14-33 
Flexillis CO-1-61 
Florina CO-1-32 
FORM 181(35-01) E7-8-29 
Gala CO-1-34 
Golden Delicious CO-1-35 
Granny Smith CO-1-36 
Gravenstein Washington Red CO-1-37 
Hansen's #2 CO-1-62 
Haralson CO-1-38 
Hartmann-Muhle 1 x Oberwartha 2 W3-21-14 
Ida red CO-1-39 
Ingol CO-1-40 
Inuringo CO-2-40 
Irish Peach CO-1-41 
James Grieve (Red Rosamund Strain) CO-1-42 
Jonafree CO-1-43 
K1-19-8 K1-19-8 
K1-20-4 K1-20-4 
Kansas K14 CO-1-46 
KAZ 93-24-01 K1-1-23 
KAZ 93-42-01 K1-1-27 
KAZ 9518-02 P-33 K1-10-39 
KAZ 96 07-06 E7-1-19 
KAZ 9601-01 P-20 K1-17-48 
KAZ 9606-01 K1-19-39 
KAZ 9607-04 E7-1-27 
KAZ 9607-07 E7-8-25 
KAZ 9608-16 E7-1-24 
KAZ 9608-17 K1-15-55 
KAZ 9609-02 E7-1-5 
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Table 2.1 Apple accessions from the Malus germplasm core collection with 
corresponding accession ID. 
Accession Accession ID 
KAZ 9609-05 K1-17-15 
KAZ 9609-05 K1-17-7 
Keepsake CO-1-47 
Kimball McIntosh 2-4-4-4 CO-1-49 
Koningszurr CO-1-50 
Korichnoe Polosatoje CO-1-51 
Lady CO-1-52 
Liberty CO-1-53 
M. hartwigii CO-6-6 
M. persicifolia CO-2-47 
M. prunifolia 19651 CO-2-39 
M. prunifolia macrocarpa CO-2-64 
M. rockii CO-2-48 
Xanthocarpa CO-2-44 
MA #4 CO-3-15 
Mandshurica 2330 CO-1-64 
Marshall McIntosh CO-3-17 
Medailles D'OR CO-10-26 
Jackii CO-1-63 
Microcarpa CO-2-42 
Mollie's Delicious CO-3-19 
Monroe CO-3-20 
Murray CO-3-21 
Nagano CO-2-43 
Northern Spy CO-3-22 
Nova Easygro CO-3-23 
Novosibirski Sweet CO-3-25 
Oberwartha 5x Klipphausen W3-20-30 
Oelsen 2 x Hartmann-Muhle 1 W3-21-13 
Petrel CO-3-45 
Poeltsamaa Winter Apple CO-3-46 
Prairifire CO-3-47 
PRI 1176-1 CO-3-26 
PRI 1316 CO-3-29 
PRI 1346-2 CO-3-30 
PRI 1484-1 CO-3-31 
PRI 1744-1 CO-3-33 
PRI 1754-2 CO-3-34 
PRI 1773-6 CO-3-35 
PRI 1850-4 CO-4-23 
PRI 1918-1 CO-3-37 
PRI 2050-2 CO-3-38 
PRI 2377-1 CO-3-39 
PRI 2382-1 CO-3-40 
PRI 2482-100 CO-3-41 
PRI 384-1 CO-2-43 
PRI 77-1 CO-3-44 
Prima CO-3-48 
Redfree CO-3-50 
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Table 2.1 Apple accessions from the Malus germplasm core collection with 
corresponding accession ID. 
Accession Accession ID 
Reinette Simirenko CO-3-52 
Rhode Island Greening CO-3-53 
Robart's Crab CO-4-13 
Rockii CO-5-56 
Rome Beauty Law CO-3-55 
Rosemary Russett CO-3-56 
RUS 98 02-01 W3-11-16 
RUS 98 03-05 W3-12-4 
RUS 98 07-01 W3-13-50 
Russian Seedling M7-4-79 
S1-35-52 S1-35-52 
S1-36-17 S1-36-17 
S1-36-41 S1-36-41 
Skopje P2 E7-6-57 
Spokane Beauty CO-3-59 
Sweet Delicious CO-3-60 
Texana S1-36-21 
Trent CO-3-61 
Viking CO-3-62 
Vilmorin CO-3-14 
Virginiagold CO-3-63 
W3-19-31 W3-19-31 
W3-21-13 W3-21-13 
White Angel CO-3-64 
Winter Majetin CO-3-66 
Wijcik McIntosh CO-3-65 
Yellow Autumn Crab CO-3-10 
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Table 2.2 All 17 robust markers used for genotyping (
~
Guilford et al. 1997; 
*
Hokanson et al. 1998; 
+
Liebhard et al. 2002; 
#
Silfverberg-Dilworth et al. 2006). 
LG 
 
Locus 
 
Locus type 
 
Number of 
alleles 
Expected 
heterozygosity 
Fragment Length 
Range (bp) 
1 Hi02C07# Pres-multi 5 nd 108-149 
2 CH02C06+ Single 8 0.85 216-254 
3 GD12* Unknown 12 0.758 141-191 
4 NZ05g8~ Single 6 0.76 115-147 
5 CH05f06+ Single 5 0.74 166-184 
6 CH03d07+ Single 8 0.8 186-226 
7 CH04e05+ Pres-multi 8 nd 174-227 
8 CH01h10+ Single 5 0.65 94-114 
9 CH01f03b+ Single 7 0.8 139-183 
10 CH02c11+ Single 7 0.78 219-239 
11 CH02d08+ Single 7 0.82 210-254 
12 CH01f02+ Single 7 0.79 174-206 
13 GD147* Single 6 nd 135-155 
14 CH04c07+ Single 8 0.82 98-135 
15 CH02c09+ Single 6 0.77 233-257 
16 CH04f10+ Single 9 0.88 144-254 
17 CH01h01+ Single 6 0.8 114-134 
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Table 2.3 The multiplex design used for fragment analysis using the LIZ600 size 
standard, based on previously published allele lengths (Guilford et al. 1997; 
*
Hokanson et al. 1998; 
+
Liebhard et al. 2002; 
#
Silfverberg-Dilworth et al. 2006). 
 Multiplex 1  
Locus Allele Length Range (bp) Dye 
CH01h10 94-114 PET 
CH04c07 98-135 NED 
Hi02C07 108-149 VIC 
CH01h01 114-134 6-FAM 
GD147 135-155 PET 
CH05f06 166-184 NED 
CH01f02 174-206 VIC 
CH04e05 174-227 6-FAM 
CH03d07 186-226 PET 
CH02d08 210-254 NED 
CH02c09 233-257 VIC 
 Multiplex 2 
Locus Allele Length Range (bp) Dye 
NZ05g8 115-147 VIC 
CH01f03b 139-183 6-FAM 
GD12 141-191 PET 
CH04f10 144-254 NED 
CH02C06 216-254 6-FAM 
CH02c11 219-239 PET 
Dye key 
Red PET 
Yellow NED 
Green VIC 
Blue 6-FAM 
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Table 2.4 Actual size ranges for alleles compared with expected ranges in bp. 
Locus Expected 
Range 
Min. 
Fragment 
(bp) 
Max. 
Fragment 
(bp) 
Diff. Between Actual 
and Expected (Min) 
Diff. Between 
Actual and 
Expected (Max) 
CH01f02 174-206 123 224 51 18 
CH01h01 114-134 113 154 1 20 
CH01h10 94-114 101 135 7 21 
CH02c09 233-257 221 281 12 24 
CH02d08 210-254 203 270 7 16 
CH03d07 186-226 177 244 9 18 
CH04c07 98-135 110 159 12 24 
CH04e05 174-227 165 259 9 32 
CH05f06 166-184 162 201 4 17 
GD147 135-155 131 172 4 17 
Hi02C07 108-149 119 199 11 50 
CH01f03b 139-183 152 203 13 20 
CH02C06 216-254 216 296 0 42 
CH02c11 219-239 188 258 31 19 
GD12 141-191 126 190 15 -1 
CH04f10 144-254 109 293 35 39 
NZ05g8 115-147 116 142 -1 -5 
Mean  148.94 216.47 12.94 21.82 
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Table 2.5 Counts for number of amplified fragments and rare alleles. 
Locus 
 
No. of fragments 
amplified 
No. of previously 
reported fragments 
Difference 
 
Rare 
Alleles 
CH01f02 40 7 33 21 
CH01h01 22 6 16 8 
CH01h10 23 5 18 10 
CH02c09 22 6 16 8 
CH02d08 35 7 28 15 
CH03d07 24 8 16 10 
CH04c07 23 8 15 5 
CH04e05 25 8 17 9 
CH05f06 24 5 19 7 
GD147 20 6 14 4 
Hi02c07 19 5 14 4 
CH01f03b 29 7 22 15 
CH02c06 32 8 24 13 
CH02c11 26 7 19 10 
GD12 17 12 5 6 
CH04f10 48 9 39 24 
Mean 26.81 7.13 19.69 10.56 
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Table 2.6 Heterozygosity rates for the Malus core collection. 
Locus 
Previously reported 
heterozygosity 
Observed 
heterozygosity Difference 
CH01f02+ 0.79 0.71 0.08 
CH01h01+ 0.8 0.66 0.14 
CH01h10+ 0.65 0.67 -0.02 
CH02c09+ 0.77 0.71 0.06 
CH02d08+ 0.82 0.80 0.02 
CH03d07+ 0.8 0.82 -0.02 
CH04c07+ 0.82 0.70 0.12 
CH04e05+ nd 0.65 - 
CH05f06+ 0.74 0.67 0.07 
GD147~ nd 0.78 - 
Hi02C07* nd 0.73 - 
CH01f03b+ 0.8 0.75 0.05 
GD12~ 0.758 0.49 0.27 
CH02c11+ 0.78 0.79 -0.01 
CH02C06+ 0.85 0.82 0.03 
CH04f10+ 0.88 0.61 0.27 
NZ05g8# 0.76 0.24 0.52 
Mean 0.65 0.68 0.09 
+Previously reported heterozygosity obtained from Liebhard et al. (2002)  
*Previously reported heterozygosity obtained from Silfverberg-Dilworth et al. (2006) 
#Previously reported heterozygosity obtained from Guilford et al. (1997) 
~Previously reported heterozygosity obtained from Hokanson et al. (1998) 
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Table 2.7 Summary statistics for genotypic data in bp with N signifying total 
number of accessions analyzed. 
Variable  N Std. Deviation Min Mean Max Median Mode 
CH01f02_1 155 13.21 123 189.28 222 187 183 
CH01f02_2 155 15.00 123 197.90 224 196 193 
CH01h01_1 153 7.48 113 128.09 154 129 129 
CH01h01_2 153 8.44 113 133.62 154 132 132 
CH01h10_1 166 5.79 101 113.99 129 115 109 
CH01h10_2 165 6.44 103 119.56 135 116 116 
CH02c09_1 159 8.71 221 254.86 281 255 247 
CH02c09_2 158 7.68 221 263.14 281 264 271 
CH02d08_1 167 12.17 203 225.62 270 227 227 
CH02d08_2 167 16.34 203 239.47 270 233 227 
CH03d07_1 168 16.67 177 204.78 242 204 204 
CH03d07_2 168 18.32 177 221.33 244 222 242 
CH04c07_1 167 8.21 110 121.63 159 122 122 
CH04c07_2 167 10.57 110 131.16 159 127 124 
CH04e05_1 157 13.30 165 199.30 238 196 188 
CH04e05_2 157 16.98 165 212.45 259 216 216 
CH05f06_1 146 7.74 162 186.53 201 186 196 
CH05f06_2 146 6.97 162 192.31 201 196 196 
GD147_1 165 8.51 131 152.49 168 151 151 
GD147_2 165 7.43 133 160.86 172 163 168 
Hi02c07_1 161 5.13 119 127.03 162 127 127 
Hi02c07_2 161 11.89 122 135.11 199 131 129 
CH01f03b_1 166 11.45 152 166.99 199 165 153 
CH01f03b_2 166 11.64 153 180.12 203 185 185 
CH02c06_1 162 14.54 216 242.38 282 243 231 
CH02c06_2 162 13.83 219 258.88 296 262 266 
CH02c11_1 125 11.52 188 232.62 256 231 223 
CH02c11_2 125 11.00 216 241.52 258 244 254 
GD12_1 156 9.54 126 166.27 182 167 167 
GD12_2 156 8.79 126 170.47 190 170 167 
CH04f10_1 162 30.67 109 226.45 293 235 187 
CH04f10_2 162 26.12 116 246.54 293 257 257 
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Table 2.8 Eigenvectors for the first six PCs wherein loci contributing large portions 
of variance are highlighted. 
Variable Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 
CH01h10_1 -0.275 -0.090 -0.073 0.029 -0.018 0.189 
CH01h10_2 -0.322 -0.002 -0.056 0.106 -0.144 0.068 
CH02c09_1 0.067 0.403 0.177 0.227 0.043 0.144 
CH02c09_2 0.100 0.364 0.347 0.042 0.180 -0.152 
CH02d08_1 -0.005 -0.129 0.095 0.427 -0.138 0.487 
CH02d08_2 0.157 -0.156 0.314 0.313 -0.122 0.350 
CH03d07_1 0.461 0.049 -0.012 0.010 -0.038 0.126 
CH03d07_2 0.419 0.023 -0.053 -0.105 0.010 0.142 
CH04c07_1 -0.076 -0.138 -0.250 0.022 0.523 0.315 
CH04c07_2 0.065 0.176 -0.125 0.014 0.542 0.319 
GD147_1 0.316 0.240 -0.046 0.087 0.000 -0.090 
GD147_2 0.296 0.162 -0.168 -0.170 -0.009 -0.010 
Hi02c07_1 -0.233 0.093 0.015 -0.209 0.158 0.112 
Hi02c07_2 -0.191 0.298 -0.015 -0.045 0.157 0.021 
CH01f03b_1 0.134 -0.443 -0.096 -0.064 0.243 -0.047 
CH01f03b_2 0.286 -0.401 -0.039 -0.069 0.061 -0.113 
CH02c06_1 0.002 -0.144 0.061 0.563 0.129 -0.347 
CH02c06_2 -0.013 -0.006 0.025 0.354 0.396 -0.367 
CH04f10_1 -0.068 -0.173 0.547 -0.249 0.211 -0.088 
CH04f10_2 0.017 -0.121 0.553 -0.219 0.111 0.143 
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Table 2.9 The accessions forming four clusters based on genotype. 
Cluster 1  Cluster 1 – (continued) Cluster 3 – (continued) 
Marshall McIntosh Nova Easygro CO-2-61 
Wijcik McIntosh Reinette Simirenko S1-36-41 
Kimball McIntosh CO-3-26 Nagano 
Cortland Monroe KAZ 9608-17 
CO-3-35 E29-56 Liberty 
Koningszuur Chisel Jersey  
Flexillis  Cluster 4  
KAZ 9518-02-P-33 Cluster 2 Sweet Delicious 
Korichnoe Polosatoje CO-2-57 CO-1-55 
CO-1-23 Jackii CO-1-57 
Winter Majetin Novosibirski Sweet  CO-2-26 
KAZ 95-07-06 CO-2-11.2 CO-2-33 
Keepsake M. hartwigii CO-2-35 
Petrel Oberwartha 5x Klipphausen S1-35-52 
KAZ 9607-07 W3-21-13 PRI-1773-6 
CO-2-27.2 Hansen's #2 Virginiagold 
Murray CO-2-29 PRI 1484-1 
Demir White Angel James Grieve (Red Rosamund Strain) 
Grav. Washington Red Xanthocarpa Ein Shemer 
Burgundy PRI 7701 KAZ 9606-01 
Viking PRI 1744-1 Oelsen 2 x Hartmann-Muhle 1 
FORM 181(35-01) Yellow Autumn Crab CO-2-3 
Antonovka 1.5 Pounds CO-2-16 CO-2-45 
Arnold Crab CO-2-51 PRI 1918-1 
Anna Inuringo Kansas K14 
Dorsett Golden M. rockii Unidentified 
Robart's Crab CO-2-52 Fuji Red Sport Type 2 
KAZ 9608-16 CH97 06-2 Empire 
CO-3-42 Rockii CO-1-56 
S1-36-17  CO-3-4 
PRI 384-1 Cluster 3 Redfree 
CO-2-43 PRI 2050-2 CO-3-31 
CO-2-60 Golden Delicious PRI 1754-2 
CO-2-56 K1-20-4 PRI 2482-100 
Haralson CH 9703-02 PRI 1316 
99TU-16-01 K1-19-8 Prima 
RUS 98 02-01 Russian Seedling Ingol 
Spokane Beauty Florina 99TV-20-01 
Rosemary Russett KAZ 9601-01 P-20 Rome Beauty Law 
Irish Peach M. microcarpa Northern Spy 
M. prunifolia Prairifire Rhode Island Greening 
KAZ 9609-05.2 CH97-04-13 PRI 2382-1 
KAZ 9609-05.1 E 36-7  
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Table 2.10 Summary statistics for phenotypic data wherein N signifies all 
subsamples recorded for individual variables in units as described in Materials and 
Methods. 
Variable N Std. 
Deviation 
Min. Mean Max. Median Mode 
FirmnessR 393 5.021 4.500 15.591 27.100 15.500 13.500 
FirmnessG 391 4.802 5.000 15.119 26.900 15.200 11.000 
Circumference 566 7.671 2.064 16.392 31.591 19.169 3.970 
Length 565 1.957 0.635 4.319 9.525 4.921 5.398 
Diameter 543 2.381 0.794 5.123 9.843 6.033 6.668 
Shape 566 1.259 0.300 2.138 6.400 2.000 1.000 
Weight 566 73.618 0.256 88.935 390.400 87.691 0.067 
TSS 490 3.282 7.400 13.736 33.300 13.000 13.900 
TTA 316 0.013 0.001 0.014 0.080 0.010 0.010 
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Table 2.11 Sample phenotypic data from 10 common cultivars. 
Accession 
 
FirmnessR (lbf) 
 
FirmnessG (lbf) 
 
Circumference 
(cm) 
Length 
(cm) 
Diameter 
(cm) 
Gala 15.6 15.3 23.733 5.874 7.62 
Golden Delicious 15.1 15.1 21.114 5.556 6.668 
Liberty 17.3 16.2 20.082 4.604 6.191 
Marshall McIntosh 14.9 15.5 25.321 5.874 7.461 
Mollie's Delicious 7.9 8.7 27.146 6.985 7.938 
Northern Spy 15.7 14 26.829 6.985 8.573 
Nova Easygro 14.9 11.7 22.939 5.556 6.826 
Cortland 17.9 17.4 24.765 5.874 7.938 
Empire 15.8 17.7 20.479 5.239 6.509 
Haralson 15.9 15.2 21.114 5.715 6.668 
 
Accession Shape Weight (g) TSS (°Brix) TTA (%) 
Gala round oblate 180.9 15.7 0.6175456 
Golden Delicious round oblate 128.1 13.9 1.5171656 
Liberty oblate 103.9 12 1.1341016 
Marshall McIntosh oblate 193.1 13.8 1.4184976 
Mollie's Delicious round oblate 234.3 13.5 0.1485824 
Northern Spy round 266.7 15.4 1.334920 
Nova Easygro round oblate 143.0 15.6 0.6779072 
Cortland oblate 162.9 13 1.160800 
Empire oblate 112.4 11.6 0.6999624 
Haralson round oblate 124.3 12.2 0.6651384 
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Table 2.12 The accessions forming five clusters based on phenotype. 
Cluster 1 Cluster 2 – (continued) Cluster 4 – (continued) 
CO-1-11                                 FORM 181(35-01)              CO-1-67                             
PRI 1316                                Gala                         Novosibirski Sweet                  
Anna                                    Golden Delicious             Hansen's #2                            
James Grieve (Red Rosamund 
Strain) PRI 2050-2                   PRI 77-1                     
CO-3-51                                 CO-3-28                      Mandshurica 2330                    
KAZ 9609-02                             E 36-7            CO-2-59  
CO-2-61                                Petrel                       Rockii   
KI-9-39                                Irish Peach                  CO-2-24  
PRI 1484-1                              CO-1-58                      PRI 384-1   
KAZ 9609-05                             Antonovka 172670-B           Xanthocarpa                      
Kansas K14                              Poeltsamaa Winter Apple      White Angel            
Sweet Delicious                         Liberty                      Yellow Autumn Crab                  
 CO-3-32                      Inuringo         
Cluster 2 PRI 1754-2                   Nagano                 
Cortland                     Keepsake             CO-3-5                              
Marshall McIntosh            Redfree                     M. hartwigii                    
Burgundy       CH97 06-2      
Kimball McIntosh 2-4-4-4     Cluster 3  
M. prunifolia macrocarpa      Ein Shemer                 Cluster 5 
PRI 1918-1                   CO-2-60                  CO-2-31       
Wijcik McIntosh PRI 2382-1              M. rockii   
PRI 1773-6                   CO-3-27           Arnold Crab   
Virginiagold KAZ 9607-04   CH97-04-13          
Nova Easygro                 KAZ 93-24-01     M. persicifolia     
Mollie's Delicious           KI-12-4                  CO-3-6 
Spokane Beauty               Antonovka Kamenichka       
99TV-20-01                   Lady                      
Monroe                       Robart's Crab             
Northern Spy                 RUS 98 07-01              
Koningszurr                  PRI 1744-1                 
Rosemary Russett             CO-6-64                    
Dorsett Golden               PRI 2377-1           
CO-1-48                      PRI 1850-4                 
Rome Beauty Law              PRI 2482-100   
Empire                         
Florina                      Cluster 4  
Fuji Redsport Type 2          Jonafree  
Trent                        Hartmann-Muhle 1 x Oberwartha 2  
PRI 1176-1                   CO-1-56                         
Haralson                     CO-2-35                             
CO-3-42                      S1-36-41  
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Figures 
Figure 2.1 The four cluster dendrogram based on genotype. 
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Figure 2.2 The scatter plot of the accessions plotted using the first two principal 
components based on genotype. 
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Figure 2.3 The five cluster dendrogram based on phenotype. 
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Figure 2.4 The scatter plot of the accessions plotted using the first two principal 
components based on phenotype. 
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Chapter 3  
Quantitative Trait Loci Mapping of Fruit Quality Traits 
Abstract 
A segregating mapping population of ‗Co-op 17‘ x ‗Co-op 16‘ cross was used to 
identify quantitative trait loci (QTL) associated with various fruit quality traits.  Using a 
total of 94 seedlings and the two parents, three apples per seedling were phenotyped over 
two years for several fruit quality traits.  Phenotypic data were collected for fruit 
firmness, shape, weight, sugar content (ºBrix), and titratable acidity (TA).  Moreover, the 
mapping population along with the parents were subjected to genetic screening using 502 
Simple Sequence Repeats (SSRs).  These SSR markers were derived from bacterial 
artificial chromosome (BAC) end sequencing, expressed sequence tag (EST) sequences, 
and previously published markers.  These were selected based on their ability to detect 
polymorphism in Malus, and were also previously used in a large Malus genetic mapping 
effort.  Depending on the trait of interest, significant differences were observed for 
genotype, and genotype by environment interactions were also detected.  Data analysis 
yielded 20 linkage groups on a fairly high-density linkage map.  Three of the linkage 
groups mapped at opposite ends of chromosomes that comprise all 17 linkage groups.  
Simple interval mapping (SIM) yielded a number of QTL for fruit quality traits, which 
were subsequently refined using multiple QTL mapping (MQM) involving marker 
cofactors. 
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Introduction 
Due to the high level of heterozygosity of the apple, it is difficult to predict the 
product of parental crosses.  Early progeny screening will be important for the efficiency 
of apple breeding programs.  Moreover, most horticultural traits including fruit quality 
are complex and quantitatively controlled (Kenis et al. 2008).  Identifying and mapping 
quantitative trait loci (QTL) for fruiting quality are important for making advances in 
apple breeding programs.  For example, identifying markers linked to date of flowering 
and mapping QTL for flowering date will significantly enhance apple breeding efforts.  
Moreover, identifying QTL for traits such as short juvenility, fruit sugar, and acid 
content, among others, are highly valuable for developing new apple cultivars with 
enhanced characters for these traits.  Moreover, markers linked to these traits will be 
critical for pursuing marker-assisted breeding (MAB) strategies. 
QTL for time of budbreak (van Dyk et al. 2010), several architectural traits (Fazio 
et al. 2009; Segura et al. 2007), blooming time, juvenile phase length (Liebhard et al. 
2003), and number of fruit (Liebhard et al. 2003; Stoeckli et al. 2009a) have been 
identified in apple.  QTL for several important traits for apple rootstocks have also been 
reported (Fazio et al. 2009).  QTL for resistance for several diseases and pests of apple 
have also been identified (Parlevliet et al. 2002).  Linkage maps have been constructed as 
a preliminary step toward QTL identification as identifying QTL location can help 
analyze QTL position (Calenge et al. 2004; Kenis and Keulemans 2005).  QTL have been 
identified for resistance to crown gall (Moriya et al. 2010), carpophagous codling moth 
and apple leaf miner (Stoeckli et al. 2009a), rust mite (Stoeckli et al. 2009b), aphids 
(Stoeckli et al. 2008), and fire blight (Durel et al. 2009). 
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QTL for several fruit quality traits have already been investigated such as those 
for fruit height, stiffness, and rate of flesh browning (Kenis et al. 2008), fruit diameter 
(Kenis et al. 2008, Stoeckli et al. 2009a), firmness (Kenis et al. 2008, King et al. 2000), 
and crispness (King et al. 2001).  Other previously studied QTL in Malus include fruit 
size and firmness (Liebhard et al. 2003), vitamin C content (Davey et al. 2006), fresh 
weight, acidity, and sugar content (Kenis et al. 2008, Liebhard et al. 2003), and volatile 
compounds (Dunemann et al. 2009, Zini et al. 2005). 
Linkage mapping involves determining relative positions and distances of genes 
along chromosomes.  The closer two traits are, the more likely they are to be inherited 
together.  Thus, two very closely linked traits are unlikely to undergo recombination.  
Therefore, QTL that are tightly linked to markers can be utilized in marker assisted 
breeding (MAB) for the trait of interest.  A recombination frequency of 50 % or more 
indicates unlinked traits that are either farther apart on a chromosome or are located on 
different chromosomes.  The objective of this study is to identify molecular markers, 
SSRs, that are tightly linked to fruit quality traits as well as identify QTL linked to those 
traits in a ‗Co-op 17‘ x ‗Co-op 16‘ apple cross. 
Materials and Methods 
Plant material 
In early spring of 2008, young leaves were collected from 141 seedlings from a 
segregating population of a ‗Co-op 17‘ x ‗Co-op 16‘ cross growing at the Pomology 
Research Center at the University of Illinois.  These seedlings were less than 30 cm 
caliper at 15 cm above soil level.  Trees were sprayed with both insecticide and fungicide 
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in 2008, but not in 2009.  These segregating progeny were maintained within an area of 
less than one and three-quarters hectares. ‗Co-op 17‘ and ‗Co-op 16‘ are two advanced 
apple selections developed from the cooperative apple breeding program of the 
University of Illinois, Purdue University, and Rutgers University.  Leaves were collected 
in plastic sandwich bags, and placed on ice, then stored at -80 C until needed. 
Fruits were harvested from 118 seedlings for up to three times a week as they 
ripened in both 2008 and 2009.  Ripeness was determined by background color change 
from green to greenish-yellow, and if ripeness was uncertain, fruits were sampled on 
multiple dates.  Three to six apples were collected from each tree in both years.  Fruit of 
average size were selected, and when possible damaged fruits were discarded.  Fruit were 
placed in paper bags, stored at 4C in a cold storage room for a period of no more than two 
weeks. 
DNA extraction 
Leaves were ground in liquid nitrogen, and then a Vortexed in microfuge tubes 
with small ball bearings.  DNA was extracted using the protocol of Kobayashi et al. 
(1998).  A Nanodrop
TM
 spectrophotometer (ND-1000, Thermo Fisher Scientific, 
Pittsburgh, PA) was used to assess DNA quality, and then DNA was diluted to 50 ng/µL.  
DNA samples were stored at -80 C until needed. 
SSR markers 
The SSR markers used for QTL genotyping were selected from three separate 
sources.  For the first source, 1,160 Expressed Sequence Tag (EST) SSRs were processed 
at the W. M. Keck Center at the University of Illinois and selected based on the 
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polymorphism (Suresh et al. 2006; Gasic et al. 2009).  Secondly, a (Han and Korban 
2008) bacterial artificial chromosome (BAC) library provided a source for SSR markers 
(187) and finally, 300 published markers from previous studies were also used.  A total of 
502 markers was used in genotyping the Co-op17 x Co-op16 population (Table 3.1). 
PCR amplification 
DNA samples were subjected to PCR amplification.  PCR was performed in 96-
well plates in a total volume of 10 µL containing the following: 50 ng template DNA, 
4.25 µL nuclease-free water, 0.3mM MgCl2, 0.2 X Green GoTaq® Flexi Buffer, 0.05 U 
GoTaq® DNA polymerase (Promega, Madison, WI, USA), 0.04 mM each DNTP, 0.25 
µL forward primer (10 µM), 0.25 µL reverse primer (10 µM), and 0.15 µL M13 
fluorescent dye (10 µM). 
PCR amplification reactions were carried out in either a Thermo Scientific multi-
block thermal cycler (model, manufacturer, city, state) or GMI MJ Research PTC-100 or 
PTC-200 (manufacturer, city, state).  Amplification was performed using the following 
conditions: initial denaturation at 94°C for 4 min, 5 cycles of 94°C for 1 min, 54°C for 1 
min, 72°C for 1 min, 30 cycles of 94°C for 1 min, 52°C for 1 min, 72°C for 1 min, and a 
final extension at 72°C for 30 min.  This was followed by a holding pattern of 4°C. 
Capillary fragment analysis 
Amplified PCR products were screened in an agarose gel to assess signal strength, 
and then PCR products were diluted accordingly for multiplexing.  Forward primers 
included dye attachment sites at the 5‘ end.  Four M13 fluorescing dyes were used for 
multiplexing: FAM (blue), VIC (green), PET (red), and NED (yellow).  For repeated 
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dyes, a separation range of at least 20 bp was used.  An additional dye (LIZ 600) was 
used as a comparable size standard.  Plates of multiplexed PCR products were submitted 
to the W. M. Keck Center for fragment analysis via capillary electrophoresis using an 
ABI 3730xl sequencer (Applied Biosystems, Inc., Foster City, CA).  Fragment sizes were 
analyzed using GeneMapper™ Software ver. 4.0 (Applied Biosystems, Inc.).  
Computerized binning was adjusted, and confirmed manually.  Analyzed results were 
visually reviewed and adjusted to ensure accuracy.  Direct count heterozygosity was 
calculated from the fragment analysis results.  DNA extraction, PCR amplification and 
fragment analysis were described by Han et al. (manuscript in preparation). 
Phenotypic analysis 
Fruit were removed from cold storage, placed on a laboratory bench at 23 C for a 
period 2 h, and then evaluated for several phenotypic traits.  A total of nine phenotypic 
measurements were collected.  Firmness was measured on both sunny (firmnessR) and 
shady (firmnessG) sides of fruit in units of pounds force (lbf) using an 11.1 mm diameter 
Effegi penetrometer (Effegi, Alfonsine, Italy).  Measurements on fruit circumference, 
length, and diameter at midpoint were recorded in centimeters (cm) using calipers (144 
MM, General Tools, New York, NY).  Fresh weight was recorded in grams (g), and 
shape was visually assessed using an established phenotypic chart.  Sugar content was 
determined using a Leica refractometer (Model 10430, Leica, Buffalo, NY).  Total 
soluble solids was recorded as Brix in percent by weight.  Total titratable acid was 
measured by titrating to endpoint pH of 8.2, as standardized by the Association of 
Official Analytical Chemists, using 0.01 N sodium hydroxide.  For each of the 
phenotypic traits, mean values of the replications per tree were used for QTL analysis. 
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Statistical analysis 
Individual univariate tests were carried out to determine initial summary statistics 
for phenotypic data.  Phenotypic data were then subjected to Levene‘s test for 
homogeneity of variance to determine if there were differences between years.  For those 
variables with different variances between, years data were not combined.  Variables with 
homogeneous variance between years were combined for analysis of variance (ANOVA).  
Fruit shape was given numerical values, and recorded for reference purposes for both 
variance and normality tests, but was not analyzed due to the categorical nature of the 
data.  Normality was assessed over either combined or separate years, depending on 
Levene‘s homogeneity of variance test.  Normally distributed data were determined at 
level of 0.01 of probability.  Non-normally distributed variables were transformed using a 
log transformation to meet the assumption of normality required for ANOVA.  Some 
outlying data points, that were obviously errors, were also removed to attain normal 
distribution of data. 
Phenotypic data were analyzed using the mixed procedure and correlation 
procedure in SAS® 9.2 software to determine variance components for use in heritability 
estimates and for determining correlations between phenotypic variables.  The statistical 
model used for the ANOVA included progeny, year, replication nested within year, 
progeny by year interaction, and error terms for traits combined for years.  The statistical 
model used for years that were analyzed separately included progeny, replication and 
error terms.  All variables in both models were analyzed as random variables and Type III 
sums of squares were used to adjust for other effects in the model.  The covariance 
parameter estimates produced from the ANOVA were used as variance components, 
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which were then used to estimate phenotypic variance and heritability rates for 
phenotypic traits. 
Linkage mapping and QTL location 
The JoinMap 3.0 software (Kyazma, Wageningen, Netherlands) was used to 
establish a linkage map based on the ‗Co-op 17‘ x ‗Co-op 16‘ cross.  A total of 94 
genotypes that had both genotypic and phenotypic data were included in creating the 
linkage map using 502 SSR markers.  Means data for samples for each trait were used 
and combined over years to establish the linkage map.  Fragment analysis results from 
GeneMapper™ Software ver. 4.0 were converted into genotype codes for the cross 
pollination (CP) population structure within JoinMap 3.0 software (Kyazma, 
Wageningen, Netherlands).  Genotype codes included abxcd, efxeg, hkxhk, lmxll, and 
nnxnp.  The CP structure was used for both construction of the linkage map and for QTL 
identification.  Computerized grouping of markers was carried out and then manually 
reviewed using at least a log of ods ratio (LOD) score of 5.0 generated by the program.  
An LOD score of 5.0 would indicate odds of 100,000 to 1 probability for genetic linkage. 
The MapQTL 4.0 software (Kyazma, Wageningen, Netherlands) was used to 
identify QTL using the resulting linkage map.  The Kruskal-Wallis non-parametric rank 
sum method was used to initially identify putative QTL due to non-normality of the data 
and inability to meet required assumptions.  This method analyzes each locus separately, 
and the linkage map is only used for marker sorting purposes. 
After initial non-parametric QTL identification, the simple interval mapping 
method was used.  Single marker effects were ignored and at least two significant 
flanking markers were necessary to consider a QTL.  For this method an LOD score of 
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3.0 was used to identify QTL, and a 95% confidence interval was obtained using a two-
LOD support interval. (Van Ooijen 2009).  The amount of total variance explained was 
determined using only QTL with significant LOD scores > 3.5 (Davey et al. 2006).  
Additionally, certain fruit quality traits including firmness on the shady side of fruit, 
length, total soluble solids, and total titratable acidity underwent multiple QTL mapping 
(MQM). 
Results 
Statistical analysis 
Levene‘s test for homogeneity of variance revealed different variances between 
years for some variables (Table B1).  The variables firmnessR, firmnessG, 
circumference, diameter, length, and weight had homogenous variances throughout both 
years and were, therefore, analyzed with the data combined.  Shape, total soluble solids, 
and total titratable acid had values for Levene‘s test of homogeneity of variance that were 
significant at the level of 0.05 alpha, and were therefore analyzed separately over years.  
Data were checked for normality using the Shapiro-Wilks test for normality (Table B2).  
The variable firmnessR, firmnessG, and shape for both years and total titratable acid for 
2009 could not be transformed to fit the assumption of normally distributed data.  
FirmnessR and firmnessG were most likely non-transformable due to high numbers 
missing data and shape was non-normal due to the categorical nature of the data. 
Summary statistics such as data range, mean, and standard deviation were 
determined using the univariate procedure in SAS® 9.2 software (Table 3.2).  The mixed 
procedure was used to determine the significance of genotype, year, repetition, and 
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genotype by year interactions.  Since all of the terms were random, least square means 
are invalid for all variables for this model.  The genotype variable was significant for all 
dimensional variables, weight, and both total soluble solids and total titratable acids for 
both years (Table 3.3).  Year was not significant for any of the variables that were 
analyzed with years combined (Table 3.4).  The repetition within year was significant for 
all dimensional variables and weight and repetition was not significant for any of the 
variables that were analyzed as separate years (Table 3.5 and 3.6).  There were significant 
genotype by year interactions for FirmnessG, circumference, diameter, length, and weight 
(Table 3.7). 
The mixed procedure was applied for each phenotypic variable, and the 
covariance parameter estimates produced were used as variance components for 
heritability estimates (Table 3.8).  Genotypic variance ranged from <0.0001 (total 
titratable acid – 2009) to 2.7283 (circumference).   For variables that were analyzed with 
years combined the range for genotype by year variance was 0.0885 (length) to 8.1424 
(firmnessG).  Variance for error terms ranged from <0.0001 (total titratable acid – 2009) 
to 6.5943.  Phenotypic variance and broad-sense heritability were calculated for those 
variables with homogenous variance over years.  Phenotypic variance ranged from 
0.3515 (width) to 7.0367 (firmnessG) and heritability ranged from 31.12% (firmnessG) to 
81.80% (length).  Non-normally distributed variables were not included due to log 
transformation.  The correlation procedure revealed high levels of correlation between 
certain variables (Table B3).  Among all variables tested, the highest correlation was 
obtained between the two firmness measurements, five fruit size variables, and two flavor 
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components.  The matrix plots of these selected correlations show the close relationships 
between the variables (Figure 3.1, 3.2, and 3.3). 
Genotypic analysis 
Fragment lengths observed from DNA separation were immediately converted to 
genotype codes for the CP population structure for use in JoinMap 3.0 software (Kyazma, 
Wageningen, Netherlands).  Genotype codes included abxcd, efxeg, hkxhk, lmxll, and 
nnxnp, and were classified into coding groups by their respective segregation patterns 
(Table B4).  For example, genotype code abxcd segregated into ac, ad, bc, and bd, 
whereby each parent, ab and cd, was heterozygous and the offspring were one of four 
genotypic combinations. 
Heterozygosity rates were obtained for coded values as opposed to each of the 
502 individual markers.  One marker had severe segregation distortions that one of the 
expected genotypes was absent for that marker.  Among all SSRs tested, nine SSRs 
produced dominant genotypes wherein h- represented either hh or hk (Table B5).  
Heterozygosity for all markers that were categorized as genotype code abxcd 
heterozygosity was 100% as both parents were heterozygous for different alleles.  
Markers categorized with genotype code efxeg had heterozygosity rates of between 46% 
(Hi15e04) and 97% (CTG1073738), with a mean heterozygosity of 72%.  This did not 
include loci CH01b07, which segregated only into eg and ef offspring.  Markers that were 
categorized as genotype code hkxhk had rates of between 32% (Z71980-SSR) and 60% 
(CN913419, CTG1064914) with a mean heterozygosity of 47%; while genotype code 
lmxll had rates between 24% (BACSSR114) and 68% (CH01c09) with a mean 
heterozygosity of 49%.  Finally, markers that were categorized as genotype code nnxnp 
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had heterozygosity rates between 30% (CTG1073688) and 79% (NH029a-397, 
CO723438) with a mean heterozygosity of 47%. 
Linkage map 
The linkage map contained 20 linkage groups, three of which were located at the 
opposite ends of other linkage groups, for a total of 16 linkage groups (Figures 3.4 – 
3.12).  LG one did not form, and one LG was formed that contained markers from both 
LG 05, and 12.  The length of this LG was 90 cM and the overlap of markers between LG 
05, and 12 was a range of 45 cM.  Four LG remnants formed consisting of linked markers 
that were mapped far enough away as to create separate LG.  These were associated with 
LG 02-17 as they consisted of previously unmapped markers.  Of the 502 markers used to 
create the linkage map, 36 markers remained unlinked following analysis.  This linkage 
map closely resembles the linkage map developed by Han et al. (Manuscript in 
preparation) using the same segregating population.  Slight differences between the two 
maps were observed, and these can be attributed to differences in manual grouping 
procedures using JoinMap 3.0 (Kyazma, Wageningen, Netherlands) software. 
QTL identification 
For several traits, singularity errors were encountered wherein a marker 
segregated in a manner in which one of the expected genotypes was completely absent.  
The only effect of this error is that a unique solution could not be found for that particular 
marker.  This is not serious considering the high numbers of SSRs used in the analysis.  
The Kruskal Wallis method of QTL identification yielded 56 potential QTL on eight 
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different linkage groups (Table 3.9).  These were selected at a 0.005 alpha error rate to 
control experimentwise error. 
For firmnessG, six QTL were identified on LG 05, 15 (two QTL), and 16 (three 
QTL).  Additionally, one QTL was identified for firmnessG on LG 05.  For 
circumference, 11 QTL were observed on LG 03, 05 (five QTL), 08, 11 (two QTL), and 
15 (two QTL); while eight QTL were located for diameter on LG 05 (four QTL), 08, 11, 
15, and 16.  Five QTL were identified for length on LG 03 (three QTL), 08, and 15.  
Additionally, eight QTL for weight were observed on LG 03, 05 (three QTL), 08 (two 
QTL), and 11 (two QTL).  Five QTL for total soluble solids were observed on LG 16, 
and 17 (four QTL), and two QTL for total titratable acids were identified on LG 08, and 
14. 
An LOD score of 3.0 was used to identify QTL using the simple interval mapping 
method and 95% confidence intervals were constructed (Table 3.10).  In clusters of 
markers, the marker with the highest level of significance was selected as the 
representative.  The putative QTL were identified for this test at level 0.005 alpha error.  
This error rate yielded a low overall experimentwise error rate of 0.05 (Van Ooijen 
2009). 
There were 26 QTL identified with LOD scores of higher than 3.0 and there were 
seven highly significant QTL identified with LOD scores of higher than 3.5.  LOD profile 
plots further illustrated the significance of identified QTL (Figure B1).  When observing 
profile plots, it should be noted that it is not uncommon to notice abrupt changes in LOD 
profiles that have low LOD scores or are obtained from small populations.  This can be 
caused by a marker being placed on the wrong linkage group (Van Ooijen 2009). 
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For fruit firmness on the sunny side of the fruit, three QTL were identified, two 
on LG 15, and one on LG 16, accounting for 48.6% of variance.  One QTL was observed 
on LG 17, accounting for 76.9% of variance.  Additionally, seven QTL for circumference 
were observed.  QTL for circumference were located on LG 05 (four QTL), 08 (two 
QTL), and 11.  For diameter, two QTL were identified, on LG 05 and 08; while each of 
these accounted for approximately 14% of variance, these QTL were not highly 
significant.  Thus, total variance was not calculated for this trait.  Three QTL were 
detected for length on LG 03, 05, and 17, accounting for 18.9% of variance; while two 
QTL were identified for weight on LG 05, and 08, accounting for 20.1% of variance.  
Additionally, two QTL for total soluble solids were located on LG 03, and 17, accounting 
for 21.8% of variance.  Finally, one QTL determining total titratable acids was identified 
on LG 08, but total variance was not calculated as this QTL was not highly significant.  
No QTL were observed for shape. 
Automatic cofactor selection was carried out in preparation for the MQM.  There 
was a total of 10 cofactors selected over four linkage groups in order to carry out MQM 
for the phenotypic traits firmnessG, length, total soluble solids, and total titratable acids 
(Table B6).  The MQM detected 11 QTL with LOD scores over 3.0, of which six were 
highly significant, having LOD scores over 3.5 (Table 3.11).  Three QTL determining 
firmnessG were located on LG 02, 13, and 13, using MQM, and one QTL determining 
diameter was located on LG 08.  In addition, five QTL determining total soluble solids 
where located on LG 03, 05, 11, 14, and 17.  Four of these QTL, LG 05, 11, 14, and 17 
were significant, having LOD scores > 3.5.  Two QTL regions for total titratable acids 
(LG 08 and 14) were determined, both being significant.  LOD plots were created for the 
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linkage groups where QTL were observed from MQM (Figure B2).  The observed 
significant QTL (>3.5 LOD) explained a total of 57% (total soluble solids) and 43% 
(total titratable acids) of the population variances. 
Simple interval mapping identified 26 QTL with LOD scores of 3.0 or greater.  
The marker CN494587 was identified as a QTL on linkage group 5 for circumference, 
diameter, length and weight.  These variables were all correlated with each other 
indicating presence of a highly significant QTL for apple size at this location.  The 
marker CTG1068442 is present on linkage group 8 for both circumference and length, as 
is CTG1064036, indicating a QTL for apple size on linkage group 8.  A highly significant 
QTL for firmnessG is located on linkage group 17 and accounts for almost 77% of the 
variability within the population.  The identified QTL accounts for 48% of the variability 
within the population for firmness on the sunny side of the apple.  A highly significant 
QTL for length and diameter accounted for 16%, 18%, and 20% of the variability, 
respectively; while QTL for total soluble solids accounted for 21% of the variability 
within the population. 
Following automatic cofactor selection was carried out, the MQM method 
identified 11 QTL.  The marker CH05h05 was identified as a QTL for firmnessG in 
MQM with an LOD score of 3.42, which echoes a peak in LOD scores observed in that 
area during simple interval mapping which was not noted due to the low LOD score of 
2.79.  Similar instances of reexamining QTL with weak simple interval mapping LOD 
scores occurred, as both Hi08h08 (total soluble solids) and BACSSR93 (total titratable 
acids) were identified using MQM, but had LOD scores lower than 3.0 during simple 
interval mapping.  Another marker, CH01e12, was detected with MQM that also had a 
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marker within 1 cM that had been identified as a significant QTL using simple interval 
mapping.  The same situation of confirming QTL with high LOD scores from simple 
interval mapping also occurred with markers CO168314-289 (total soluble solids) and 
CO067225 (total titratable acids).  However, there were also highly significant QTL 
observed using MQM that had notably low LOD scores during simple interval mapping.  
QTL for firmnessG were identified at markers CH05c04 and 32.8 cM into linkage group 
2, and QTL for total soluble solids were identified at markers CN889061, CTG1073688, 
and KB01-A9.  This indicates the identification of different QTL dependant on the 
mapping method used for analysis. 
Discussion 
In this study, QTL were identified using a segregating population of 141 seedling 
from a ‗Co-op 17‘ x ‗Co-op 16‘ cross.  A total of 554 SSR markers were used to 
genotype these progeny.  Of the 141 seedlings genotyped, and 118 were phenotyped, but 
only 94 seedlings were both phenotyped and genotyped.  A linkage map was created, and 
QTL were identified for nine fruit-quality traits.  Simple interval mapping identified 21 
QTL for these fruit-quality traits. 
For traits firmnessG, diameter, total soluble solids, and total titratable acids, 
MQM mapping has been used to identify QTL accounting for other markers within the 
model.  These traits are determined by the memory restrictions of the software to analyze 
the CP population structure for certain traits.  This method, developed by Jansen (1993, 
1994) and Jansen and Stam (1994) utilizes an automatic cofactor selection step within the 
software that identifies the QTL by modeling the means of the distributions of the 
associated cofactors.  QTL identified through MQM are modeled as separate QTL with 
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no epistasis present (Van Ooijen 2009). LOD values of 3.0 were used to identify putative 
QTL.  By using LOD values of three or more, it can be concluded with a fairly small 
amount of error that two traits are linked (Collard et al. 2005).  However, only QTL with 
LOD values > 3.5 were considered highly significant, and used for calculating total 
variance for fruit-quality traits. A region with sever segregation distortion is detected on 
LG 01.  There have been previous reports of segregation distortion on various linkage 
groups (Patocchi et al. 2005).  The distortion observed on LG 01 has been previously 
observed by Moriya et al. (2010). 
Though environmental effects (year) were not significant, genotype x 
environment effects were found to be significant.  There were large effects for these 
interactions for firmnessG, circumference, diameter, length and weight; while there was a 
minor (significant at 0.1) effect for genotype x environment interaction for firmnessR.  
These interactions contribute to difficulty in selecting genotypes for a wide range of 
environments (King et al. 2000).  Broad sense heritability was high for circumference 
(80.29%), diameter (81.80%), length (73.92%), and weight (77.56%), but relatively low 
for firmnessR (37.14%), and firmnessG (31.12%).  However, genotype x environment 
interactions and low heritability for some traits did not prevent the identification of 
numerous QTL for various fruit-quality traits.  Some QTL were detectable across 
environments.  Additionally, several QTL that were not detected in this study due to 
genotype x environment interaction that were likely to be detected in other environments 
(King et al. 2000).  There were peaks observed in the LOD plots that indicated putative 
QTL, but lacked high enough LOD scores to be considered in this study.  This possibly 
would be attributed to either environment or population size.  The endurance of these 
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QTL over multiple environments implicates the probable usefulness of these QTL in 
MAB; whereas traditional breeding can be inhibited by interactions and environmental 
effects (King et al. 2000). 
The LOD score, indicating significance, is important in determining the QTL‘s 
usefulness, but the amount of variation the QTL accounts for is also important.  ‗Major‘ 
QTL explain > 20% of variance; while ‗minor‘ QTL account for < 20% (Kenis et al. 
2008, Dunemann et al. 2009).  The variability accounted for by individual QTL ranged 
from 7.5% (for total soluble solids on LG 14) to 76.9% (for firmnessG on LG 17).  Total 
variability explained for a single trait ranged from 20.1% for weight to 57.5% for total 
soluble solids (discounting the QTL for firmnessG on LG 17).  Using simple interval 
mapping six major QTL with LOD > 3.5 were observed.  Two QTL determining 
firmnessR were observed on LG 15 and 16 each accounting for 24.3% of the phenotypic 
variability.  A single QTL determining firmnessG was observed on LG 17 accounting for 
76.9% of the phenotypic variability.  Also, a single QTL for length was observed on LG 
05 explaining 18.9% of the phenotypic variability.  Similarly, a single QTL for weight 
explaining 20.1% of the variability was observed on LG 05; while another QTL for total 
soluble solids was observed on LG 17 accounting for 21.8% of the variance.  
Additionally, six major QTL were observed using MQM.  Four QTL determining total 
soluble solids were found on LG 05, 11, 14, and 17 accounting for 10.0%, 12.5%, 7.5%, 
and 27.5% of variability, respectively.  Two QTL determining total titratable acidity were 
located on LG 08, and 14 explaining 29.3% and 13.0% of variability, respectively. 
Kruskal-Wallis, Simple interval mapping, and MQM mapping were performed on 
all data to confirm observed QTL.  The non- normal nature of these variables required the 
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use of the Kruskal-Wallis rank sum test to validate the results from simple interval 
mapping and avoid false-positives resulting from artifacts (Dunemann et al. 2009).  
Common QTL were found among the three analysis methods.  There were a total of 46 
QTL observed using the Kruskal-Wallis rank sum test, 21 QTL observed using simple 
interval mapping, and 11 QTL determined using MQM.  QTL determining firmnessR 
were located on LG 15, and 16 using both the Kruskal-Wallis rank sum test and simple 
interval mapping.  However, QTL for firmnessG were located in completely different 
regions depending on the test performed.   QTL determining firmnessG were located on 
LG 05 using the Kruskal-Wallis rank sum test, LG 17 using simple interval mapping, and 
LG 02, and 13 using MQM.  QTL determining circumference were observed on LG 05, 
08, and 11 using both the Kruskal-Wallis rank sum test and simple interval mapping. 
QTL determining diameter were located on LG 05, and 08 using both the Kruskal-Wallis 
rank sum test and simple interval mapping, and the QTL on LG 08 was additionally 
observed using MQM.  A QTL determining length was located on LG 03 using both the 
Kruskal-Wallis rank sum test and simple interval mapping. QTL determining weight 
were located on LG 05, and 08 using both the Kruskal-Wallis rank sum test and simple 
interval mapping.  QTL determining total soluble solids were located on LG 03 using 
both simple interval mapping and MQM, and LG 17 using both the Kruskal-Wallis rank 
sum test and simple interval mapping. Finally, QTL determining total titratable acids 
were located on LG 08 using the Kruskal-Wallis rank sum test, simple interval mapping, 
and MQM, and LG 14 using both the Kruskal-Wallis rank sum test and MQM. 
QTL had a tendency to cluster, sometimes observing linkage groups with no QTL.  
There was a total of seven linkage groups, LG 01, 04, 06, 07, 09, 10, and 12, on which 
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QTL were absent.  This was not completely unexpected as King et al. (2001) reported no 
QTL on LG 02, 09, 11, or 17, King et al. (2000) observed no QTL on LG 07, 11, 14, or 
17, Kenis et al. (2008) observed no QTL on LG 01, 04, 07, 11, or 12, and Liebhard et al. 
(2003) reported no QTL on LG 02, 07, or 17.  In other cases, QTL co-localized for 
various fruit-quality traits.  Using simple interval mapping, QTL on LG 05 overlapped 
for the fruit-quality traits circumference, diameter, length, and weight; while QTL on LG 
08 overlapped for the fruit-quality traits circumference, diameter, weight, and total 
titratable acids.  Interestingly, QTL for length and total soluble solids co-localized on LG 
17.  QTL on LG 14 overlapped for the fruit-quality traits total soluble solids and total 
titratable acids, as determined using MQM. Correlation was determined among fruit-
quality traits, as it has been reported that QTL for correlated traits map to the same 
regions (Paterson et al. 1991).  Some of the QTL that co-localized, in particular the QTL 
observed on LG 05 for circumference, diameter, length, and weight, the QTL observed 
on  LG 08 for circumference, diameter, weight, and total titratable acids, and the QTL 
observed on  LG 17 for length and total titratable acidity, were correlated, as expected 
(Kenis et al. 2008).  These QTL were assumed synonymous. 
The results from the simple interval mapping and MQM were compared with 
QTL observed in previous studies (Table 3.12).  The QTL for size located on LG 05 was 
also present in the ‗Iduna‘ x ‗A679-2‘ population (Seglias and Gessler 1997).  The QTL 
for weight located on LG 08 was also present in the ‗Fiesta‘ x ‗Discovery‘ population 
(Liebhard et al. 2003).  However, Liebhard et al. (2003) did not detect a weight QTL on 
LG 05.  Two QTL for total soluble solids located on LG 03 and LG 14 were also 
observed in the ‗Fiesta‘ x ‗Discovery‘ population (Liebhard et al. 2003), as was a single 
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QTL on LG 08 for total titratable acid.  QTL detected on LG 13, 15, and 16 in the ‗Co-op 
17‘ x ‗ Co-op 16‘ population for firmness, in general as Liebhard et al. (2003) did not 
take firmness measures on separate sides, were not detected in the ‗Fiesta‘ x ‗Discovery‘ 
population (Liebhard et al. 2003).  Additionally, QTL detected on LG 05, 11,16, and 17 
in the ‗Co-op 17‘ x ‗ Co-op 16‘ population for total soluble solids were not detected in 
the ‗Fiesta‘ x ‗Discovery‘ population (Liebhard et al. 2003). 
The QTL for diameter located on LG 05 was also present in the ‗Telamon‘ x 
‗Braeburn‘ population (Kenis et al. 2008), as were two QTL for height on LG 15 and 17.  
Though significantly correlated, firmness on the sunny and shady sides of the fruit, 
firmnessR, and firmnessG, respectively, were analyzed separately as Kenis et al. (2008) 
reported significant differences between sides.  One QTL determining firmnessR located 
on LG 16 was observed by Kenis et al. (2008), as was a QTL for firmnessG on LG 02.  
However, 22 QTL for various traits were not detected by Kenis et al. (2008).  One QTL 
for firmness located on LG 15 was previously observed in the ‗Prima‘ x ‗Fiesta‘ 
population (King et al. 2000).  Furthermore, four QTL determining fruit weight were not 
reported by King et al. (2001), though this study failed to confirm the three weight QTL 
present in the ‗Prima‘ x ‗Fiesta‘ population (King et al. 2001). 
Despite the mapping of a major single gene, the Ma gene, determining malic acid 
content (Maliepaard et al. 1998), a suggestive year-stable QTL determining total 
titratable acid was observed on LG 08 accounting for 20.6% of variance using simple 
interval mapping.  This QTL on LG 08 was also detected by Kenis et al. (2008), and 
Liebhard et al. (2003).  Additionally, MQM revealed another year-stable QTL for total 
titratable acid on LG 14 accounting for 13% variance and the QTL on LG 08 was 
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confirmed, actually accounting for higher variance (29.3%) when determined with MQM.  
These results differ from Liebhard et al. (2003) and Kenis et al. (2008) where acidity 
QTL were identified on LG 16, near the Ma gene (Maliepaard et al. 1998). 
It should be noted that direct comparison between groups should only be used for 
corroborative purposes as protocols differ between groups, certain variables are not exact 
such as measuring firmness of the whole fruit as opposed to sunny and shady sides 
separately measured, and the lack of exact location for QTL in some publications.  
Taking this into account, it would be difficult in some cases to confirm the same QTL 
across populations (Kenis et al. 2008).  Though 46 QTL were observed in the ‗Co-op 17‘ 
x ‗Co-op 16‘ population, only 12 of these QTL were stable between two or more 
populations.  This highlights the importance of both environmental interactions and 
genetic background (Kenis et al. 2008). 
Identification of fruit-quality QTL is an important step towards successful MAB 
for these traits.  Markers that were closely linked to these fruit-quality traits may be 
developed for selecting preferable genotypes during early selection stages (King et al. 
2000).  Using MQM to detect QTL with the inclusion of cofactor markers can improve 
the accuracy of QTL identification (Jansen 1993, Zeng 1994).  Additionally, the use of 
fully informative markers and larger populations may improve accuracy of QTL 
identification (King et al. 2000).  Fortunately, for effective use in MAB, accurate location 
may not be necessary as the probability of selecting a favorable genotype is increased 
considerably enough to be efficient in early selection.  However, any inaccuracies in QTL 
position would be detrimental if selecting for traits closely linked to undesirable genes 
and further testing in various backgrounds would be necessary (King et al. 2000). 
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To summarize, tools were evaluated to increase efficiency in apple breeding and 
germplasm management.  Genotypic analysis yielded a four cluster dendrogram, and 
phenotypic analysis produced a five cluster dendrogram.  Generally, relatives were 
located within close proximity to each other and two-thirds of the accessions clustered 
similarly between the two dendrograms.  There was a total of 122 unique genotypes 
based on analysis with the 10 final markers, and three duplicate accessions were detected.  
These duplicates highlight the contribution of germplasm characterization to increased 
efficiency in germplasm management, as three of these six accessions will no longer be 
necessary to maintain and reduce upkeep costs of the collection.   
Furthermore, QTL were observed that could be used to develop closely linked 
markers for use in marker assisted breeding.  The Kruskal Wallis method of QTL 
identification detected 46 QTL on eight linkage groups; while the simple interval 
mapping method detected 21 QTL on seven linkage groups, and multiple QTL mapping 
detected 11 QTL on eight linkage groups.  SSR markers associated with these QTL could 
be used for early progeny screening as a preliminary step in breeding programs to 
increase the probability of plant materials containing positive genetic qualities in a 
reduced number of seedlings. 
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Tables 
Table 3.1 The 504 SSR markers used for genotyping the segregating progeny from 
the ‘Co-op 17’ x ‘Co-op 16’ cross. 
AF057134-SSR BACSSR93 CH05C07 CN870258 
AT000400-SSR BAN2tag CH05d11 CN870467 
AU223548-SSR CH01b07 CH05e03-1 CN871441 
AU223657-259/0275 CH01b09b CH05e03-2 CN872071 
AU301431-SSR CH01b11 CH05e06 CN872911 
BACSSR10-1 CH01c08 CH05g01 CN874327 
BACSSR10-157 CH01c09 CH05g02 CN876284 
BACSSR103 CH01c11-1 CH05g03 CN876850 
BACSSR10-3 CH01c11-2 CH05g11-1 CN881360 
BACSSR108 CH01d07 CH05h05 CN881672 
BACSSR114 CH01e01 CH05h12 CN884552 
BACSSR12 CH01e09b CH05h12-205 CN884700 
BACSSR120 CH01e12 CH-vf1 CN884916-1 
BACSSR13-2alle1N CH01f03a CN444051 CN886148 
BACSSR14-201 CH02a10 CN444195 CN888692 
BACSSR14-203/05/07 CH02b10 CN444542 CN889061 
BACSSR153-295 CH02b11 CN489916 CN890179 
BACSSR153-3 CH02b11-2-2 CN494587 CN890747 
BACSSR153-355 CH02c09 CN494669 CN891058 
BACSSR164 CH02c11 CN494928 CN892773 
BACSSR168 CH02d10b CN495362 CN893214 
BACSSR169 CH02d11 CN495651 CN893610 
BACSSR18 CH02e12 CN495857 CN893899 
BACSSR2 CH02g01 CN848860-1-1 CN894515 
BACSSR20 CH02h11a CN848860-1-2 CN895349-2allels 
BACSSR28 CH03a03-1 CN848860-2-1 CN895349-3allels1N 
BACSSR31-2alle1N CH03a03-2 CN848860-2-2 CN896269-288/289 
BACSSR31-3 CH03b06 CN848860-3-1 CN896269-305 
BACSSR34 CH03d10 CN848860-3-2 CN896717 
BACSSR38-202 CH03g06 CN848860-4 CN898924 
BACSSR38-3alleles1N CH03h06 CN851632-1 CN899106 
BACSSR45 CH04a06 CN851632-2 CN899876 
BACSSR46 CH04c03 CN851756 CN902156 
BACSSR49 CH04c10 CN851978-1 CN904191 
BACSSR51 CH04d08 CN855119 CN904296 
BACSSR58 CH04d11 CN857316 CN904664 
BACSSR59 CH04e12 CN858293 CN907414-1 
BACSSR63-325 CH04f03 CN862287 CN907414-200 
BACSSR63-351 CH04f04-1 CN862321 CN907419 
BACSSR64 CH04f04-2 CN862645 CN907964 
BACSSR75 CH04F04-675 CN863717 CN908484 
BACSSR81-1 CH04f07 CN863811 CN908658 
BACSSR81-2 CH04F08 CN868471 CN910353 
BACSSR82-204 CH04g12-1 CN868561 CN911135 
BACSSR82-205 CH04g12-235 CN868976 CN911379 
BACSSR83 CH05a03 CN870190-150 CN911587 
BACSSR91 CH05c04 CN870202 CN911884 
CN913419 CO754587-Upper CTG1061080 CTG1065429 
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Table 3.1 The 504 SSR markers used for genotyping the segregating progeny from 
the ‘Co-op 17’ x ‘Co-op 16’ cross. 
CN913979 CO898678 CTG1061197 CTG1065432-1 
CN914285 CO898754 CTG1061237 CTG1065432-2 
CN914458 CTG1057509 CTG1061391 CTG1065662 
CN917349 CTG1057511 CTG1061476 CTG1065713 
CN918070 CTG1057618 CTG1061639 CTG106581 
CN919375 CTG1057656 CTG1061792 CTG1065871 
CN921650 CTG1057762 CTG1061931 CTG1065894 
CN923417 CTG1057807 CTG1062095 CTG1065987 
CN928134 CTG1057813 CTG1062183 CTG1065993 
CN930910 CTG1057901 CTG1062205 CTG1066000 
CN931448-2alleles CTG1058052-2 CTG1062237 CTG1066003 
CN931448-3alleles CTG1058052-228/30/47 CTG1062301-289 CTG1066085 
CN936557 CTG1058052-96/98 CTG1062309 CTG1066091 
CN937679 CTG1058066 CTG1062322 CTG1066149 
CN937766 CTG1058237 CTG1062338 CTG1066180 
CN938125 CTG1058435 CTG1062427 CTG1066228 
CN939907 CTG1058718 CTG1062468 CTG1066318 
CN943151 CTG1058844 CTG1062470 CTG1066349 
CN943340 CTG1058846 CTG1062704 CTG1066367 
CN944465 CTG1058943 CTG1063001 CTG1066424 
CN945654 CTG1059094 CTG1063360 CTG1066545 
CN945812 CTG1059098 CTG1063413 CTG1066581 
CN947606 CTG1059114 CTG1063512 CTG1066618 
CN947990 CTG1059163 CTG1063554 CTG1066723 
CN948094-282 CTG1059381 CTG1063604 CTG1066897 
CN948094-283/290 CTG1059629 CTG1063605 CTG1067130 
CN948214 CTG1059702 CTG1063606 CTG1067285 
CN948450 CTG1059711 CTG1063619 CTG1067366 
CN948659 CTG1059813 CTG1063707 CTG1067448 
CN993394 CTG1059865 CTG1063765 CTG1067449 
CN993875 CTG1059927 CTG1064036 CTG1067456 
CN994595 CTG1059942 CTG1064315 CTG1067792 
CN995784 CTG1059954 CTG1064355 CTG1067990 
CN996647 CTG1059975 CTG1064359 CTG1068019 
CN997397 CTG1060088 CTG1064471 CTG1068125 
CO067206 CTG1060102 CTG1064574 CTG1068126 
CO067225 CTG1060153 CTG1064630 CTG1068152 
CO168314-1 CTG1060178 CTG1064642 CTG1068197-120 
CO168314-2 CTG1060251-307 CTG1064665 CTG1068442 
CO168314-289 CTG1060251-4alleles CTG1064671 CTG1068462-1 
CO414802-152/153 CTG1060287 CTG1064737 CTG1068462-175 
CO414802-156 CTG1060330 CTG1064823-208 CTG1068462-181 
CO416051 CTG1060371 CTG1064823-210/212 CTG1068462-187 
CO416273 CTG1060429 CTG1064893 CTG1068601 
CO723438 CTG1060456 CTG1064914 CTG1068636 
CO752956 CTG1060504 CTG1064975 CTG1068711 
CO753161 CTG1060546 CTG1065053 CTG1068739 
CO754587-Lower CTG1060666 CTG1065391 CTG1068776 
CTG1069128 CTG1075196 KB01-2D6L  
CTG1069215 CTG1075246 KB01-A7  
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Table 3.1 The 504 SSR markers used for genotyping the segregating progeny from 
the ‘Co-op 17’ x ‘Co-op 16’ cross. 
CTG1069298 CTG1075396 KB01-A9  
CTG1069342 CTG1075622 KB01-A9-607tail  
CTG1069528 CTG1075719 KB01-E11  
CTG1069661 CTG1075948 KB01-F5  
CTG1069672 CTG1075992 KB02-D2  
CTG1069981 CTG1076025 KB02-E2  
CTG1070125 CTG1076069 KB02-F5  
CTG1070214 CTG1076114 KB08-A9  
CTG1070264 CTG1076206-1 KB08-H5-490  
CTG1070322 CTG1076206-2 KB09-E2  
CTG1070654 CTG1076396 MS01a03  
CTG1070830 CTG1076440 MS06c09  
CTG1070917 CTG1076718 MS14h03  
CTG1070919 CTG1076729 NH0096  
CTG1071135 CTG1076780 NH029a-1  
CTG1071157 CTG1076879 NH029a-397  
CTG1071302 CTG1076901 NH033b  
CTG1071474 CTG1076993 NZ23f1-1  
CTG1071564 CTG1077006 NZ23f1-2  
CTG1071737 CV082898 Z71980-SSR  
CTG1071750 CV082939 Z71981-SSR-1  
CTG1071851 F3H-1-SSR Z71981-SSR-2  
CTG1071899 F3H-2-indel   
CTG1072435 F3H-2-SSR   
CTG1072509-1 GD12   
CTG1072632 GD142   
CTG1072784 GD162   
CTG1072881 Hi02d04   
CTG1072937 Hi02f12   
CTG1073027 Hi03b03   
CTG1073209 Hi03d06   
CTG1073222 Hi03e03   
CTG1073318 Hi03e04   
CTG1073441 Hi04a05   
CTG1073688 Hi05b09   
CTG1073694 Hi08h08   
CTG1073738 Hi09b04   
CTG1073847 Hi09f01   
CTG1074058 Hi12a02   
CTG1074157 Hi15b02-1   
CTG1074717 Hi15b02-2   
CTG1074733 Hi15e04   
CTG1074896 Hi20b03   
CTG1074943 Hi23d06   
CTG1074975 KB01-2D4   
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Table 3.2 The summary statistics for phenotypic traits for 2008 and 2009. 
Trait Minimum 
2008/2009 
Mean 
2008/2009 
Maximum 
2008/2009 
Std. Deviation 
2008/2009 
FirmnessR (lbf) 10.0/12.4 21.13/22.21 26.9/27.0 4.21/3.61 
FirmnessG (lbf) 7.9/10.4 21.31/21.61 26.5/27.0 4.79/3.78 
Circumference (cm) 9.76/8.41 13.97/15.06 18.65/22.62 2.07/2.35 
Diameter (cm) 2.70/2.54 4.31 /4.81 6.03/7.30 0.69/0.77 
Length (cm) 2.86/2.70 3.94/4.15 5.87/6.35 0.56/0.67 
Shape  1.00/1.00 2.30/2.27 5.00/5.00 1.72/1.02 
Weight (g) 15.41/9.29 41.22/50.29 100.35/145.60 16.98/22.05 
Total soluble solids (°Brix) 9.7/10.4 12.26/13.61 15.3/17.6 1.04/1.41 
Total titratable acids (%) 0.2/0.3 0.9/1.0 4.7/2.0 0. 7/0.3 
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Table 3.3 The Type III analysis of variance of genotype with * indicating 
significance at .01 alpha error. 
Trait F statistic P-value 
FirmnessR 1.27 0.4464 
FirmnessG 1.22 0.3985 
Circumference 3.44   <0.0001* 
Diameter 3.64   <0.0001* 
Length 2.70   0.0013* 
Shape 2008 1.51 0.0999 
Shape 2009 3.15 <0.0001* 
Weight 3.08   0.0002* 
Total soluble solids 2008 5.78     <0.0001* 
Total soluble solids 2009 8.19     <.00001* 
Total titratable acids 2008 3.95     <0.0001* 
Total titratable acids 2009 12.89  <0.0001* 
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Table 3.4 The Type III analysis of variance of year with * indicating significance at 
.01 alpha error. 
Trait F statistic P-value 
FirmnessR 0.24 0.6354 
FirmnessG 0.73 0.4033 
Circumference 0.26 0.6301 
Diameter 0.78 0.4182 
Length 0.00 0.9998 
Weight 0.01 0.9249 
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Table 3.5 The Type III analysis of variance of repetition within year with * 
indicating significance at .01 alpha error. 
Trait F statistic P-value 
FirmnessR 1.52 0.2153 
FirmnessG 1.58 0.0792 
Circumference 66.18 <0.0001* 
Diameter 45.87 <0.0001* 
Length 30.52 <0.0001* 
Weight 83.56 <0.0001* 
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Table 3.6 The Type III analysis of variance of repetition with * indicating 
significance at .01 alpha error. 
Trait F statistic P-value 
Shape 2008 0.49 0.6143 
Shape 2009 0.53 0.5924 
Total soluble solids 2008 4.37 0.0139 
Total soluble solids 2009 1.46 0.2444 
Total titratable acids 2008 0.06 0.9413 
Total titratable acids 2009 0.18 0.8370 
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Table 3.7 The Type III analysis of variance of genotype x environment (year) 
interaction with * indicating significance at .01 alpha error. 
Trait F statistic P-value 
FirmnessR 1.90 0.0792 
FirmnessG 3.15 0.0016* 
Circumference 3.26 <0.0001* 
Diameter 2.38 <0.0001* 
Length 1.82 0.0049* 
Weight 3.32 <0.0001* 
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Table 3.8 The variance components and broad sense heritability from the mixed 
procedure. 
Trait Genotypic 
Variance 
Genotype  
by Year 
Variance 
Error 
Variance 
Phenotypic 
Variance 
Broad Sense 
Heritability 
FirmnessR 2.0223 4.6526 6.5943 5.4456 37.14% 
FirmnessG 2.1929 8.1424 4.6648 7.0367 31.12% 
Circumference 2.7283 1.0304 0.9315 3.4003 80.29% 
Diameter 0.2970 0.0885 0.1309 0.3631 81.80% 
Length (transformed) 0.0063 0.0023 0.0058 0.0081 73.92% 
Shape 2008 0.6552 - 2.3538 - - 
Shape 2009 0.4569 - 0.5863 - - 
Weight (transformed) 0.0890 0.0398 0.0350 0.1147 77.56% 
Total soluble solids 2008 0.7705 - 0.2965 - - 
Total soluble solids 2009 1.4417 - 0.5525 - - 
Total titratable acids 2008 0.1926 - 0.1199 - - 
Total titratable acids 2009 <0.0001 - <0.0001 - - 
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Table 3.9 The putative QTL identified using .005 alpha error rate for the Kruskal 
Wallis QTL identification technique. 
Trait QTL Linkage group Marker 
FirmnessR 1 
2 
3 
4 
5 
6 
5 
15 
15 
16 
16 
16 
BACSSR2  
CTG1057511 
CTG1060546  
AU301431-SSR 
CTG1071302 
CTG1059813 
FirmnessG 1 5 CTG1068462-181 
Circumference 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
3 
5 
5 
5 
5 
5 
8 
11 
11 
15 
15 
CTG1069342 
CTG1061931 
CTG1061792 
CTG1076879 
CH01b07 
CTG1064036 
BACSSR12 
KB01-E11 
CH01c11-2 
CN939907 
CTG1074058 
Diameter 1 
2 
3 
4 
5 
6 
7 
8 
5 
5 
5 
5 
8 
11 
15 
16 
CTG1061792 
CTG1076879 
CH01b07 
CTG1064036 
BACSSR12 
KB01-E11 
CTG1074058 
CTG1061237  
Length 1 
2 
3 
4 
5 
3 
3 
3 
8 
15 
CTG1069342 
CTG1067990 
CTG1076901 
BACSSR12 
CN907414-1 
Weight 1 
2 
3 
4 
5 
6 
7 
8 
3 
5 
5 
5 
8 
8 
11 
11 
CTG1069342 
CTG1061792 
CTG1076879 
CH01b07 
CO067225 
CTG1068442 
KB01-E11 
CH01c11-2 
Total soluble solids 1 
2 
3 
4 
5 
16 
17 
17 
17 
17 
CH01f03a CN858293  
CTG1076114 
CTG1057618 
NZ23f1-1 
- 
Total titratable acids 1 
2 
8 
14 
CO067225 
CH01e01 
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Table 3.10 Putative QTL identified using an LOD score of at least 3.0 for the simple 
interval mapping QTL identification method.  QTL with an LOD between 3.0 and 
3.5 were not used in the calculation of total explained variance for individual traits. 
Trait QTL LG LOD % Variation Marker 95% Confidence interval 
FirmnessR  1 
2 
3 
15 
15 
16 
4.09 
3.08 
3.88 
Sum 
24.3% 
20.4% 
24.3% 
48.6% 
CN884916-1 
CH02b11-2-2 
-- 
0 - 30.5 cM 
30.5 - 52.6 cM 
6 - 50.2 cM 
FirmnessG 1 17 7.42 
Sum 
76.9% 
76.9% 
CTG1072509-1 87.9 - 106.7 cM 
Circumference 1 
2 
3 
4 
5 
6 
7 
5 
5 
5 
5 
8 
8 
11 
3.36 
3.04 
3.2 
3.32 
3.12 
3.03 
2.99 
16.2% 
15.1% 
16.0% 
18.0% 
19.5% 
13.8% 
14.1% 
CN494587 
CTG1061792
* 
CTG1076879
* 
CTG1064036
* 
-- 
CTG1068442 
KB01-A9 
13.6 - 22.6 cM 
40.4 - 51.3 cM 
50.9 - 53.7 cM 
58.8 - 71.2 cM 
9.0 - 60.8 cM 
9.0 - 60.8 cM 
62.1 - 89.4 cM 
Diameter 1 
2 
5 
8 
3.03 
3.08 
14.7% 
14.0% 
CN494587 
CTG1068442 
11.4 - 22.6 cM 
14.4 - 68.0 cM 
Length 1 
2 
3 
3 
5 
17 
 
3.33 
4.08 
3.17 
Sum 
15.7% 
18.9% 
15.3% 
18.9% 
Hi03e03 
CN494587 
CTG1059865 
 
31.1 - 82.5 cM  
11.4 - 22.6 cM 
33.2 - 62.5 cM 
 
Weight 1 
2 
5 
8 
4.26 
3.16 
Sum 
20.1% 
14.5% 
20.1% 
CN494587 
Hi20b03 
16.3 - 22.6 cM 
9.0 - 60.8 cM 
Total soluble 
solids 
1 
2 
3 
17 
 
3.02 
4.30 
Sum 
24.7% 
21.8% 
21.8% 
BACSSR82-205 
CO168314-289 
 
0 - 19.6 cM  
33.2 – 72.7 cM 
 
Total titratable 
acids 
1 8 3.25 20.6% -- 1.9 - 71.9 cM 
 
  
113 
 
 
Table 3.11 QTL detected using an LOD score of at least 3 for the multiple QTL 
mapping method wherein QTL with an LOD between 3.0 and 3.5 were not used in 
the calculation of total explained variance for individual traits. 
Trait QTL LG LOD % Variation Marker 95% Confidence 
interval 
FirmnessG 1 
2 
3 
2 
13 
13 
3.24 
3.18 
3.42 
16.0% 
18.1% 
11.0% 
-- 
CH05c04 
CH05h05 
15.0 – 41.0 cM 18.6 
- 31.5 cM 
54.9 - 69.9 cM 
Diameter 1 8 3.06 14.4% CH01e12 32.8 - 51.9 cM 
Total soluble 
solids 
1 
2 
3 
4 
5 
 
3 
5 
11 
14 
17 
 
3.12 
4.1 
3.97 
3.55 
5.49 
Sum 
26.0% 
10.0% 
12.5% 
7.5% 
27.5% 
57.5% 
CTG1073688 
Hi08h08 
KB01-A9 
CN889061 
CO168314-289 
 
0 - 26.9 cM 
71.6 - 82.3 cM 
55.5 - 89.4 cM 
0 - 32.8 cM 
44.5 - 57.5 cM 
 
Total titratable 
acids 
1 
2 
8 
14 
 
5.87  
3.79 
Sum 
29.3% 
13.0% 
43.3% 
CO067225 
BACSSR93 
 
18.3 - 32.8 cM 20.4 
- 37.8 cM 
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Table 3.12 A comparison of QTL observed in ‘Co-op 17’ x  ‘Co-op 16’ with QTL 
observed in the ‘Telamon’ x ‘Braeburn’ population (TxBa; Kenis et al. 2008,TxBb ; 
Davey et al. 2006), the ‘Prima’ x ‘Fiesta’ population (PxF; King et al. 2000, 2001), 
the ‘Iduna’ x ‘A679-2’ population (IxA; Seglias and Gessler 1997), the ‘Wijcik 
McIntosh’ x (‘NY75441-58’ x ‘NY75441-67’) population (WMxNY; Conner et al. 
1998), and the ‘Fiesta’ x ‘Discovery’ population (FxD; Liebhard et al. 2003). 
‘Co-op 17’ x  
‘Co-op 16’ 
‘Telamon’ x 
‘Braeburn’a 
‘Telamon’ x 
‘Braeburn’b 
‘Prima’ x  
‘Fiesta’ 
Size 3
+
, 5
+
, 8
+#
, 11
+
, 17
+
 
 
Weight 5
+
, 8
+
 
 
TSS 3
+#
, 5
#
, 11
#
, 14
#
, 
17
+#
 
 
TTA 8
+#
, 14
#
 
 
Firmness 2
#
, 13
#
, 15
+
, 
16
+
, 17
+
 
 
Weight 2, 6, 9, 10, 17 
 
TSS 2, 10 
 
TTA 2, 8, 10, 13,  
15, 16, 17 
 
Stiffness 8, 16 
Weight 10, 14, 17 Weight 4, 6, 16 
 
 
 
 
 
 
 
Stiffness 1, 6, 12, 15 
 
‘Iduna’ x 
‘A679-2’ 
‘Wijcik McIntosh’ x 
(‘NY75441-58’ x ‘NY75441-67’) 
‘Fiesta’ x  
‘Discovery’ 
Size 5 
 
 
 
Size 1,7 Weight 1, 3, 6, 8, 10, 12, 15, 16 
 
TSS 3, 6, 8, 9, 14 
 
TTA 8, 16 
1
QTL found in multiple populations are in bold and QTL found in ‗Co-op 17‘ x ‗Co-op    
16‘ and additional populations are bold and underlined 
2
QTL denoted + were identified using simple interval mapping 
3
QTL denoted # were identified using multiple QTL mapping 
4
Total soluble solids denoted as TSS 
5
Total titratable acids denoted as TTA 
6For ‗Co-op 17‘  ‗Co-op 16‘ Firmness is comprised of QTL from both sunny and shady   
sides of the apple and size is comprised of all dimensional measures 
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Figures 
Figure 3.1 The scatter plot matrix showing correlation between firmnessR (firmsun) 
and firmnessG (firmshade) with histograms of the variable’s data distribution on 
the diagonals.  Correlation values have been added to the scatter plots.  
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Figure 3.2 The scatter plot matrix showing correlation between circumference, 
diameter, length, and weight, with histograms of the variable’s data distribution on 
the diagonals.  Correlation values have been added to the scatter plots. 
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Figure 3.3 The scatter plot matrix showing correlation between total soluble solids 
(tss) and total titratable acids (tta) with histograms of the variable’s data 
distribution on the diagonals.  Correlation values have been added to the scatter 
plots. 
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Hi15b02-1 0 
BACSSR82-205 11 
CTG1073688 20 
BACSSR63-325 25 
CTG1065894 CN495857 27 
BACSSR58 29 
CTG1071750 31 
Hi03d06 34 
BACSSR103 36 
GD12 43 
NZ23f1-2 BACSSR82-204 47 
CTG1064630 50 
CTG1077006 52 
CN444051 54 
CTG1071899 56 
CTG1058237 66 
CN943340 69 
MS14h03 CTG1069342 77 
CV082898 Hi03e03 
CTG1073318 78 
CTG1067990 CN945654 81 
CTG1076901 83 
LG 03 
CO723438 0 
CN907414-200 15 
CH04e12 19 
CTG1068152 21 
CTG1066000 23 
CH04F04-675 25 
CN874327 26 
CO416273 28 
CN495362 34 
CTG1060102 36 
CN863717 37 
CTG1073027 40 
AT000400-SSR 41 
CN871441 43 
CTG1057807 45 
CTG1062309 CTG1062205 49 
Z71980-SSR NH033b 53 
CTG1065429 55 
CTG1074975 56 
CTG1070214 57 
CTG1058066 58 
CN917349 64 
CTG1057762 CH03d10 68 
CH02b10 69 
CH05e03-1 79 
CN895349-3allels1N 90 
CTG1065987 92 
CTG1066318 98 
CN895349-2allels 115 
LG 02 
Figure 3.4 The linkage groups constructed using 17 robust SSR markers. 
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CTG1064823-210/212 0 
CN881672 2 
CTG1063512 3 
BAN2tag 5 
CTG1076729 6 
CN943151 7 
Hi09b04 8 
CTG1061197 9 
CTG1067456 10 
CTG1065871 BACSSR75 11 
CN899106 14 
CN489916 CN896717 
CO416051 CTG1059163 15 
CTG1074733 16 
CTG1063619 CTG1058943 17 
CTG1068462-181 18 
CN494587 20 
CN851978-1 21 
CTG1067366 CN904191 
CN494669 CTG1063707 23 
CTG1059629 BACSSR164 
CTG1061391 24 
CH05e06 25 
CTG1064823-208 27 
CN892773 28 
CH05e03-2 30 
CN902156 31 
CTG1071564 33 
CTG1060429 34 
CTG1065713 CN870202 
KB08-A9 35 
CN911587 37 
CTG1072784 CTG1061931 39 
CH05d11 CN890179 40 
CTG1069298 CH05g02 
CTG1060456 42 
CTG1061792 49 
BACSSR2 50 
CTG1062470 CTG1057656 
Hi03b03 51 
CTG1076879 52 
KB01-A7 CTG1076206-2 54 
CTG1065053 55 
CH01b07 56 
CN996647 CTG1066003 58 
CTG1072632 59 
CTG1068636 61 
CTG1064036 66 
CTG1071851 69 
CN851632-2 71 
CV082939 CTG106581 72 
Hi08h08 74 
Hi15b02-2 77 
CH04c03 78 
LG 05 
CN870258 CTG1074157 0 
KB02-D2 1 
CN936557 7 
CTG1069661 14 
CH04f04-1 25 
CH01d07 28 
CTG1064359 31 
CH01b09b 40 
CH02h11a 42 
CTG1076206-1 44 
BACSSR14-201 46 
BACSSR14-203/05/07 GD162 47 
CTG1060371 50 
CN993394 51 
CTG1064355 55 
CTG1064642 56 
CN911884 57 
CN914285 60 
CTG1068776 66 
CTG1066149 71 
LG 04 
Figure 3.5 The linkage groups constructed using 17 robust SSR markers. 
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BACSSR81-2 0 
Hi05b09 1 
CTG1068711 4 
CTG1076396 6 
MS06c09 11 
CTG1060504 12 
CTG1058052-96/98 15 
CTG1058718 18 
CN931448-3alleles 21 
BACSSR120 CH02b11 22 
CTG1072881 28 
CTG1066367 32 
KB01-F5 36 
CN872071 38 
KB01-2D6L 46 
CTG1068601 55 
LG 07 
F3H-2-indel 
CTG1076993 0 
F3H-2-SSR 11 
CH03a03-2 12 
CN495651 34 
CN851756 36 
CTG1076718 39 
CH01b11 40 
CTG1072435 43 
LG 06 
BACSSR63-351 0 
CTG1073441 2 
CTG1066424 6 
CTG1059927 12 
CTG1062322 23 
CTG1071135 27 
Figure 3.6 The linkage groups constructed using 17 robust SSR markers. 
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CN868471 0 
CTG1066723 2 
CTG1060178 4 
CN894515 8 
CTG1061476 9 
CN945812 11 
CTG1060251-307 CTG1059975 15 
CTG1061639 CN904664 
CTG1064665 17 
GD142 21 
CTG1075948 23 
NH029a-1 30 
CTG1070654 32 
Hi23d06 36 
CH05C07 37 
CTG1067792 CN947606 
CTG1067285 CN904296 41 
CTG1067130 44 
CO067206 51 
CTG1070917 52 
CTG1063554 53 
CN921650 55 
Hi04a05 57 
NH029a-397 58 
CH05a03 59 
CN928134 60 
BACSSR64 61 
CN872911 63 
CN444542 CO898678 64 
CH04f07 CN898924 65 
CTG1068126 67 
CN896269-305 92 
LG 09 
BACSSR31-3 0 
BACSSR38-202 1 
BACSSR38-3alleles1N 2 
KB01-2D4 4 
CTG1066618 5 
CTG1066349 CN893610 
CN907419 9 
CTG1072937 16 
CN994595 18 
BACSSR12 28 
CO067225 30 
Hi20b03 31 
CTG1065662 32 
KB02-E2 33 
CTG1075246 36 
CN930910 37 
CH01e12 47 
CTG1068442 48 
CN907964 52 
CH04g12-1 54 
CN947990 57 
BACSSR46 61 
CTG1069672 66 
CTG1059381 68 
CTG1074896 72 
LG 08 
Figure 3.7 The linkage groups constructed using 17 robust SSR markers. 
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CTG1057813 0 
CTG1059942 3 
CN851632-1 5 
CN944465 9 
CH04d08 16 
CTG1065432-2 17 
CTG1057901 24 
BACSSR20 33 
CTG1060088 34 
CTG1068019 35 
CTG1059094 37 
CN881360 40 
CO753161 41 
CN937679 43 
CTG1060153 44 
BACSSR10-3 50 
BACSSR153-355 57 
CH05g01 63 
BACSSR169 69 
BACSSR168 70 
KB01-A9 CTG1064737 79 
KB01-E11 BACSSR153-295 82 
CN862645 87 
CH01c11-2 88 
CH01c11-1 89 
LG 11 
CN857316 0 
BACSSR18 14 
CTG1066581 15 
AU223657-259/0275 19 
AU223548-SSR 21 
CTG1066085 24 
CH02c11 26 
CTG1075992 28 
CN913979 30 
CH04f03 31 
CTG1074943 35 
CH02a10 BACSSR91 36 
CTG1065993 CTG1064975 
BACSSR28 38 
CH01e09b 40 
CTG1070830 44 
CN893214 45 
CN884700 CTG1062183 47 
CTG1062704 49 
AF057134-SSR 50 
Hi02d04 55 
CN855119 CTG1061080 56 
CN884552 57 
CN948214 59 
CH05h12-205 60 
CH05h12 62 
CTG1063360 63 
LG 10  
Figure 3.8 The linkage groups constructed using 17 robust SSR markers. 
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Figure 3.9 The linkage groups constructed using 17 robust SSR markers. 
 
 
  
Z71981-SSR-2 0 
CN937766 18 
CTG1073738 19 
CTG1066228 22 
CH01c09 25 
CH05c04 26 
CTG1069528 31 
Hi03e04 32 
CN918070 34 
CN444195 39 
NH0096 CTG1076025 42 
CTG1058846 44 
CTG1058844 45 
CTG1064893 47 
CN863811 CO168314-1 50 
CO168314-2 51 
BACSSR83 52 
CTG1075622 53 
CN868561 55 
CH02g01 65 
CH04g12-235 66 
CH05h05 70 
LG 13 
CTG1067366 CN904191 
CN494669 CTG1063707 23 
CTG1059629 BACSSR164 
CTG1061391 24 
CH05e06 25 
CTG1064823-208 27 
CN892773 28 
CH05e03-2 30 
CN902156 31 
CTG1071564 33 
CTG1060429 34 
CTG1065713 CN870202 
KB08-A9 35 
CN911587 37 
CTG1072784 CTG1061931 39 
CH05d11 CN890179 40 
CTG1069298 CH05g02 
CTG1060456 42 
CTG1061792 49 
BACSSR2 50 
CTG1062470 CTG1057656 
Hi03b03 51 
CTG1076879 52 
KB01-A7 CTG1076206-2 54 
CTG1065053 55 
CH01b07 56 
CN996647 CTG1066003 58 
CTG1072632 59 
CTG1068636 61 
CTG1064036 66 
CTG1071851 69 
CN851632-2 71 
CV082939 CTG106581 72 
Hi08h08 74 
Hi15b02-2 77 
CH04c03 78 
CO754587-Upper 81 
BACSSR13-2alle1N 82 
CTG1064471 89 
CTG1066897 90 
LG 12 
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Figure 3.10 The linkage groups constructed using 17 robust SSR markers. 
 
 
  
KB02-F5 0 
CTG1057511 7 
CN884916-1 8 
CTG1057509 9 
CH02c09 13 
CTG1060546 CN888692 14 
KB08-H5-490 16 
CTG1070264 26 
CTG1070125 27 
Hi09f01 29 
CTG1064914 CN913419 31 
CTG1073847 34 
CH02d11 CH02b11-2-2 38 
CN908658 39 
CH03h06 40 
CTG1070919 43 
CN948659 45 
CTG1068739 48 
BACSSR153-3 52 
CTG1071737 53 
CTG1064315 56 
CTG1063606 58 
CH01c08 62 
CTG1063001 CTG1062468 66 
CN911379 CN911135 70 
CTG1071157 CH04a06 72 
CTG1069128 74 
CTG1075196 79 
CN907414-1 81 
CN908484 Hi15e04 86 
BACSSR108 88 
CTG1069215 89 
CO414802-156 93 
CH02d10b 99 
CH03b06 100 
CH02e12 104 
CTG1073209 105 
CTG1076069 106 
CN939907 CTG1060287 
CTG1074058 Z71981-SSR-1 107 
BACSSR51 109 
CN862321 113 
LG 15 
CN889061 CO754587-Lower 0 
CTG1059114 2 
CN919375 7 
CTG1065391 9 
BACSSR34 11 
CTG1076440 16 
CTG1064671 18 
CN891058 20 
CH05g11-1 CH01e01 21 
BACSSR93 23 
CO898754 33 
CH03g06 BACSSR45 39 
CO752956 40 
CN923417 42 
F3H-1-SSR 46 
CTG1073694 CH03a03-1 47 
CN890747 51 
CN494928 59 
LG 14 
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Figure 3.11 The linkage groups constructed using 17 robust SSR markers. 
 
 
  
CH04d11 0 
CTG1066545 18 
CTG1067449 CTG1067448 25 
Hi02f12 30 
CH04F08 CN876850 31 
CTG1059702 33 
CN938125 37 
CN858293 44 
CTG1059865 46 
CO168314-289 49 
CTG1062301-289 50 
CTG1076114 56 
CH05g03 58 
CTG1060251-4alleles 64 
CTG1057618 66 
CTG1068125 67 
CTG1064574 68 
CH04c10 CTG1063605 
CN995784 72 
CTG1074717 73 
NZ23f1-1 76 
CN876284 83 
CTG1072509-1 107 
LG 17  
CTG1073222 0 
CTG1062095 BACSSR59 
CTG1061237 6 
CTG1068462-175 7 
AU301431-SSR 15 
CN910353 18 
CTG1071302 25 
BACSSR49 26 
CTG1062427 32 
CTG1071474 35 
CTG1059954 36 
CTG1059813 38 
CTG1075719 45 
CN862287 54 
CH01f03a 56 
CN948450 58 
CN993875 64 
Hi12a02 69 
CTG1062237 75 
LG 16 
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Figure 3.12 The linkage groups constructed using 17 robust SSR markers. 
 
               
  
CN948094-282 0 
BACSSR10-157 9 
CO414802-152/153 15 
LG Remnant 4 
BACSSR10-1 0 
CN914458 18 
CTG1075396 33 
LG Remnant 3 
CTG1060330 0 
CN997397 15 
CTG1059711 25 
CTG1063604 29 
LG Remnant 2 
CN848860-1-2 0 
CN848860-2-2 1 
CN848860-4 6 
CN848860-1-1 CN848860-2-1 
CN848860-3-2 7 
CN848860-3-1 9 
LG Remnant 1 
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Appendix A 
Supplemental Materials for Chapter 2 
Table A1 Primer sequences for the 17 SSR markers used to genotype this core 
collection (~Guilford et al. 1997; *Hokanson et al. 1998; +Liebhard et al. 2002; 
#Silfverberg-Dilworth et al. 2006). 
CH01f02+ F ACCACATTAGAGCAGTTGAGG 
 R CTGGTTTGTTTTCCTCCAGC 
CH01f03b+ F GAGAAGCAAATGCAAAACCC 
 R CTCCCCGGCTCCTATTCTAC 
CH01h01+ F GAAAGACTTGCAGTGGGAGC 
 R GGAGTGGGTTTGAGAAGGTT 
CH01h10+ F TGCAAAGATAGGTAGATATATGCCA 
 R AGGAGGGATTGTTTGTGCAC 
CH02C06+ F TGACGAAATCCACTACTAATGCA 
 R GATTGCGCGCTTTTTAACAT 
CH02c09+ F TTATGTACCAACTTTGCTAACCTC 
 R AGAAGCAGCAGAGGAGGATG 
CH02c11+ F TGAAGGCAATCACTCTGTGC 
 R TTCCGAGAATCCTCTTCGAC 
CH02d08+ F TCCAAAATGGCGTACCTCTC 
 R GCAGACACTCACTCACTATCTCTC 
CH03d07+ F CAAATCAATGCAAAACTGTCA 
 R GGCTTCTGGCCATGATTTTA 
CH04c07+ F GGCCTTCCATGTCTCAGAAG 
 R CCTCATGCCCTCCACTAACA 
CH04e05+ F AGGCTAACAGAAATGTGGTTTG 
 R ATGGCTCCTATTGCCATCAT 
CH04f10+ F GTAATGGAAATACAGTTTCACAA 
 R TTAAATGCTTGGTGTGTTTTGC 
CH05f06+ F TTAGATCCGGTCACTCTCCACT 
 R TGGAGGAAGACGAAGAAGAAAG 
GD12* F TTGAGGTGTTTCTCCCATTGGA 
 R CTAACGAAGCCGCCATTTCTTT 
GD147* F TCCCGCCATTTCTCTGC 
 R GTTTAAACCGCTGCTGCTGAAC 
Hi02C07# F AGAGCTACGGGGATCCAAAT 
 R GTTTAAGCATCCCGATTGAAAGG 
NZ05g8~ F CGGCCATCGATTATCTTACTCTT 
 R GGATCAATGCACTGAAATAAACG 
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Table A2 The correlation matrix for genotypic variables. 
  CH01h10_1 CH01h10_2 CH02c09_1 CH02c09_2 CH02d08_1 CH02d08_2 
CH01h10_1 1.00 0.55 -0.01 -0.11 0.08 0.00 
    <.0001 0.92 0.19 0.34 0.98 
CH01h10_2 0.55 1.00 0.08 -0.02 0.11 0.00 
  <.0001   0.30 0.84 0.16 0.97 
CH02c09_1 -0.01 0.08 1.00 0.58 0.07 0.05 
  0.92 0.30   <.0001 0.39 0.56 
CH02c09_2 -0.11 -0.02 0.58 1.00 -0.13 0.09 
  0.19 0.84 <.0001   0.10 0.29 
CH02d08_1 0.08 0.11 0.07 -0.13 1.00 0.49 
  0.34 0.16 0.39 0.10   <.0001 
CH02d08_2 0.00 0.00 0.05 0.09 0.49 1.00 
  0.98 0.97 0.56 0.29 <.0001   
CH03d07_1 -0.15 -0.24 0.13 0.21 0.07 0.24 
  0.05 0.00 0.11 0.01 0.39 0.00 
CH03d07_2 -0.22 -0.22 0.06 0.28 0.00 0.18 
  0.00 0.00 0.45 0.00 0.97 0.02 
CH04c07_1 0.08 0.02 -0.09 -0.20 0.05 -0.07 
  0.29 0.82 0.26 0.01 0.55 0.35 
CH04c07_2 -0.06 -0.02 0.20 0.08 -0.04 -0.13 
  0.43 0.76 0.01 0.35 0.65 0.10 
GD147_1 -0.26 -0.16 0.14 0.05 -0.09 0.07 
  0.00 0.04 0.08 0.53 0.27 0.41 
GD147_2 -0.18 -0.22 0.00 0.03 -0.05 -0.03 
  0.02 0.00 0.98 0.69 0.49 0.74 
Hi02c07_1 0.21 0.11 -0.05 0.06 0.02 0.01 
  0.01 0.17 0.51 0.44 0.78 0.87 
Hi02c07_2 0.03 0.02 0.09 0.13 0.01 -0.10 
  0.75 0.84 0.26 0.10 0.86 0.23 
CH01f03b_1 0.03 -0.13 -0.15 -0.11 -0.08 0.01 
  0.75 0.10 0.07 0.18 0.30 0.90 
CH01f03b_2 -0.11 -0.07 -0.13 -0.05 -0.05 0.07 
  0.15 0.39 0.10 0.56 0.50 0.35 
CH02c06_1 0.05 0.07 0.07 0.07 0.14 0.15 
  0.50 0.36 0.36 0.38 0.07 0.06 
CH02c06_2 0.10 0.10 0.07 0.26 0.06 0.03 
  0.23 0.22 0.39 0.00 0.47 0.67 
CH04f10_1 -0.04 -0.14 -0.12 0.10 -0.11 0.09 
  0.66 0.08 0.13 0.23 0.17 0.25 
CH04f10_2 -0.02 -0.07 -0.02 0.04 0.07 0.16 
  0.83 0.37 0.84 0.63 0.37 0.05 
  
  CH03d07_1 CH03d07_2 CH04c07_1 CH04c07_2 GD147_1 GD147_2 
CH01h10_1 -0.15 -0.22 0.08 -0.06 -0.26 -0.18 
  0.05 0.00 0.29 0.43 0.00 0.02 
CH01h10_2 -0.24 -0.22 0.02 -0.02 -0.16 -0.22 
  0.00 0.00 0.82 0.76 0.04 0.00 
CH02c09_1 0.13 0.06 -0.09 0.20 0.14 0.00 
  0.11 0.45 0.26 0.01 0.08 0.98 
CH02c09_2 0.21 0.28 -0.20 0.08 0.05 0.03 
  0.01 0.00 0.01 0.35 0.53 0.69 
CH02d08_1 0.07 0.00 0.05 -0.04 -0.09 -0.05 
  0.39 0.97 0.55 0.65 0.27 0.49 
CH02d08_2 0.24 0.18 -0.07 -0.13 0.07 -0.03 
  0.00 0.02 0.35 0.10 0.41 0.74 
CH03d07_1 1.00 0.69 -0.20 0.03 0.27 0.33 
    <.0001 0.01 0.72 0.00 <.0001 
CH03d07_2 0.69 1.00 -0.07 0.03 0.19 0.24 
  <.0001   0.38 0.71 0.01 0.00 
CH04c07_1 -0.20 -0.07 1.00 0.46 -0.12 -0.09 
  0.01 0.38   <.0001 0.13 0.25 
CH04c07_2 0.03 0.03 0.46 1.00 0.11 0.12 
  0.72 0.71 <.0001   0.15 0.13 
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Table A2 The correlation matrix for genotypic variables. 
  CH03d07_1 CH03d07_2 CH04c07_1 CH04c07_2 GD147_1 GD147_2 
GD147_1 0.27 0.19 -0.12 0.11 1.00 0.55 
  0.00 0.01 0.13 0.15   <.0001 
GD147_2 0.33 0.24 -0.09 0.12 0.55 1.00 
  <.0001 0.00 0.25 0.13 <.0001   
Hi02c07_1 -0.16 -0.16 0.02 -0.05 -0.18 0.01 
  0.04 0.04 0.85 0.55 0.02 0.86 
Hi02c07_2 -0.17 -0.08 -0.02 0.04 -0.04 -0.03 
  0.03 0.33 0.81 0.63 0.65 0.67 
CH01f03b_1 0.11 0.03 0.17 0.01 -0.04 0.06 
  0.18 0.70 0.03 0.87 0.62 0.46 
CH01f03b_2 0.26 0.26 0.06 -0.01 0.17 0.17 
  0.00 0.00 0.47 0.92 0.03 0.03 
CH02c06_1 -0.02 -0.08 -0.04 0.00 0.01 -0.12 
  0.84 0.29 0.62 0.98 0.88 0.13 
CH02c06_2 0.16 0.06 -0.09 -0.01 0.06 0.12 
  0.04 0.44 0.25 0.90 0.47 0.15 
CH04f10_1 -0.16 -0.10 0.00 -0.06 -0.06 -0.11 
  0.04 0.22 0.99 0.45 0.45 0.17 
CH04f10_2 0.06 0.05 -0.10 -0.02 0.00 -0.07 
  0.46 0.55 0.21 0.83 0.98 0.40 
 
 Hi02c07_1 Hi02c07_2 CH01f03b_1 CH01f03b_2 CH02c06_1 CH02c06_2 
CH01h10_1 0.21 0.03 0.03 -0.11 0.05 0.10 
 0.01 0.75 0.75 0.15 0.50 0.23 
CH01h10_2 0.11 0.02 -0.13 -0.07 0.07 0.10 
 0.17 0.84 0.10 0.39 0.36 0.22 
CH02c09_1 -0.05 0.09 -0.15 -0.13 0.07 0.07 
 0.51 0.26 0.07 0.10 0.36 0.39 
CH02c09_2 0.06 0.13 -0.11 -0.05 0.07 0.26 
 0.44 0.10 0.18 0.56 0.38 0.00 
CH02d08_1 0.02 0.01 -0.08 -0.05 0.14 0.06 
 0.78 0.86 0.30 0.50 0.07 0.47 
CH02d08_2 0.01 -0.10 0.01 0.07 0.15 0.03 
 0.87 0.23 0.90 0.35 0.06 0.67 
CH03d07_1 -0.16 -0.17 0.11 0.26 -0.02 0.16 
 0.04 0.03 0.18 0.00 0.84 0.04 
CH03d07_2 -0.16 -0.08 0.03 0.26 -0.08 0.06 
 0.04 0.33 0.70 0.00 0.29 0.44 
CH04c07_1 0.02 -0.02 0.17 0.06 -0.04 -0.09 
 0.85 0.81 0.03 0.47 0.62 0.25 
CH04c07_2 -0.05 0.04 0.01 -0.01 0.00 -0.01 
 0.55 0.63 0.87 0.92 0.98 0.90 
GD147_1 -0.18 -0.04 -0.04 0.17 0.01 0.06 
 0.02 0.65 0.62 0.03 0.88 0.47 
GD147_2 0.01 -0.03 0.06 0.17 -0.12 0.12 
 0.86 0.67 0.46 0.03 0.13 0.15 
Hi02c07_1 1.00 0.34 -0.05 -0.20 -0.14 0.08 
  <.0001 0.54 0.01 0.07 0.32 
Hi02c07_2 0.34 1.00 -0.20 -0.28 -0.08 0.13 
 <.0001  0.01 0.00 0.34 0.11 
CH01f03b_1 -0.05 -0.20 1.00 0.50 0.09 0.15 
 0.54 0.01  <.0001 0.24 0.07 
CH01f03b_2 -0.20 -0.28 0.50 1.00 0.14 0.02 
 0.01 0.00 <.0001  0.09 0.85 
CH02c06_1 -0.14 -0.08 0.09 0.14 1.00 0.49 
 0.07 0.34 0.24 0.09  <.0001 
CH02c06_2 0.08 0.13 0.15 0.02 0.49 1.00 
 0.32 0.11 0.07 0.85 <.0001  
CH04f10_1 0.04 0.01 0.07 0.07 -0.01 -0.03 
 0.61 0.90 0.37 0.37 0.87 0.75 
CH04f10_2 0.01 -0.07 -0.03 0.04 -0.11 0.01 
 0.86 0.36 0.69 0.64 0.16 0.93 
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Table A2 The correlation matrix for genotypic variables. 
 CH04f10_1 CH04f10_2     
CH01h10_1 -0.04 -0.02     
 0.66 0.83     
CH01h10_2 -0.14 -0.07     
 0.08 0.37     
CH02c09_1 -0.12 -0.02     
 0.13 0.84     
CH02c09_2 0.10 0.04     
 0.23 0.63     
CH02d08_1 -0.11 0.07     
 0.17 0.37     
CH02d08_2 0.09 0.16     
 0.25 0.05     
CH03d07_1 -0.16 0.06     
 0.04 0.46     
CH03d07_2 -0.10 0.05     
 0.22 0.55     
CH04c07_1 0.00 -0.10     
 0.99 0.21     
CH04c07_2 -0.06 -0.02     
 0.45 0.83     
GD147_1 -0.06 0.00     
 0.45 0.98     
GD147_2 -0.11 -0.07     
 0.17 0.40     
Hi02c07_1 0.04 0.01     
 0.61 0.86     
Hi02c07_2 0.01 -0.07     
 0.90 0.36     
CH01f03b_1 0.07 -0.03     
 0.37 0.69     
CH01f03b_2 0.07 0.04     
 0.37 0.64     
CH02c06_1 -0.01 -0.11     
 0.87 0.16     
CH02c06_2 -0.03 0.01     
 0.75 0.93     
CH04f10_1 1.00 0.60     
  <.0001     
CH04f10_2 0.60 1.00     
 <.0001      
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Table A3 The eigenvalues for the final PCA based on genotype. 
 Eigenvalue Proportion Variance Explained Cumulative Variance Explained 
1 2.863343 0.1432 0.1432 
2 2.096412 0.1048 0.248 
3 1.82431 0.0912 0.3392 
4 1.716262 0.0858 0.425 
5 1.524583 0.0762 0.5012 
6 1.349247 0.0675 0.5687 
7 1.314659 0.0657 0.6344 
8 1.162335 0.0581 0.6926 
9 1.028354 0.0514 0.744 
10 0.831208 0.0416 0.7855 
11 0.687189 0.0344 0.8199 
12 0.624432 0.0312 0.8511 
13 0.534453 0.0267 0.8778 
14 0.510277 0.0255 0.9034 
15 0.458567 0.0229 0.9263 
16 0.393123 0.0197 0.9459 
17 0.324357 0.0162 0.9622 
18 0.274336 0.0137 0.9759 
19 0.255142 0.0128 0.9886 
20 0.227412 0.0114 1 
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Table A4 The normality of PCs for genotype. 
PC Shapiro-Wilks W p-value 
Prin1 0.947 <0.0001 
Prin2 0.994 0.8379 
Prin3 0.984 0.1335 
Prin4 0.985 0.1579 
Prin5 0.991 0.5302 
Prin6 0.992 0.6269 
Prin7 0.992 0.6304 
Prin8 0.983 0.1015 
Prin9 0.984 0.1200 
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Table A5 The test for normality and ANOVA for phenotypic variables. 
Variable Shapiro-Wilks Test for Normality Kruskal-Wallis ANOVA 
FirmnessR 0.0036 <.0001 
FirmnessG 0.0009 <.0001 
Circumference <.0001 <.0001 
Length <.0001 <.0001 
Diameter <.0001 <.0001 
Shape <.0001 <.0001 
Weight <.0001 <.0001 
TSS <.0001 <.0001 
TTA <.0001 <.0001 
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Table A6 The correlation matrix for phenotypic variables. 
Variable FirmnessR FirmnessG Circumference Diameter Length 
FirmnessR 1.00 
 
0.94 
<.0001 
-0.36       
<.0001 
-0.33 
<.0001 
-0.30 
<.0001 
FirmnessG 0.94 
<.0001 
1.00 -.034 
<.0001 
-.34 
<.0001 
-.30 
<.0001 
Circumference .36 
<.0001                  
-0.34 
<.0001 
1.00000        0.99 
<.0001        
0.93 
<.0001 
Diameter -0.33   
<.0001                      
-0.31 
<.0001                              
0.99 
<.0001                         
1.00000        0.93 
<.0001                  
Length 0.30    
<.0001                     
-0.30   
<.0001                            
0.93   
<.0001                       
0.93    
<.0001                      
1.00000 
Shape 0.043  
0.39       
0.06    
0.22         
-0.33     
 <.0001                       
-0.31   
<.0001                          
-0.14 
<.001                  
Weight -0.30 
<.0001                      
-0.29    
<.0001                           
0.99   
<.0001                       
0.99   
<.0001                       
0.95 
<.0001                  
TSS -0.19  
<.001                       
-0.18  
<.001                            
-0.07    
<.0001                          
-0.07   
<.0001                           
-0.10 
<.0001                       
TTA .21 
<.001                       
0.22     
<.001                         
-0.39 
<.0001                       
-0.42 
<.0001                       
-0.50 
<.0001                       
 
 Shape Weight TSS TTA 
FirmnessR 0.043  
0.39      
-0.30 
<.0001     
- 0.19  
<.001                               
0.21 
<.001                         
FirmnessG 0.06  
0.22      
-0.29  
<.0001     
-0.18  
<.001                               
0.22 
<.001                               
Circumference -0.33   
<.0001      
0.99   
<.0001     
-0.07 
0.13      
-0.39 
<.0001 
Diameter -0.31  
<.0001               
0.99   
<.0001             
-0.07  
0.11      
-0.42 
<.0001         
Length -0.14   
<.001                       
0.95    
<.0001                         
-0.10  
<.001                       
-0.50 
<.0001                      
Shape 1.00000       -0.28   
<.0001              
0.09 
0.04        
0.04 
0.53 
Weight -0.28   
 <.0001     
1.00000       -0.08  
0.74      
-0.41 
<.0001 
TSS 0.09    
0.04   
-0.08 
0.07         
1.00000       0.37 
<.0001 
TTA 0.04   
0.53           
-0.41   
<.0001      
0.37   
<.0001      
1.00000       
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Table A7 The eigenvalues for PCA based on phenotype. 
 Eigenvalue Proportion Variance Explained Cumulative Variance Explained 
1 4.16566827     0.6943         0.6943 
2 0.96167884     0.1603 0.8546 
3 0.78746105     0.1312         0.9858 
4 0.06956916     0.0116         0.9974 
5 0.01405587     0.0023         0.9997 
6 0.00156681                       0.0003         1.0000 
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Table A8 The eigenvectors for the first six PCs wherein loci contributing large 
portions of variance are highlighted. 
Variable Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 
Circumference 0.48644 0.027214 0.095946 0.221758 0.381578 0.74743 
Diameter 0.486474 0.031062 0.079359 0.236233 0.513956 -0.6604 
Length 0.478833 0.157128 0.028259 0.426476 -0.74768 -0.06581 
Shape -0.13405 0.964815 -0.19441 0.010347 0.11408 0.015758 
Weight 0.459388 0.141739 0.261598 -0.82563 -0.13496 -0.02386 
TSS -0.26159 0.150494 0.936734 0.177124 0.001296 -0.00869 
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Figure A1 One accession analyzed using GeneMapper™ Software ver. 4.0 wherein 
the x axis signifies fragment length in bp and the y axis indicates the signal strength.  
Peaks are present for 11 markers for this particular accession where pairs of 
similarly colored peaks located in close proximity represent the two alleles of a 
marker. 
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Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
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Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
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Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
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Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
 
 
  
0
10
20
30
40
50
60
70
80
1
3
1
1
3
5
1
4
3
1
4
6
1
5
1
1
5
5
1
5
9
1
6
3
1
6
6
1
7
0
GD147
GD147
0
20
40
60
80
100
1
1
9
1
2
2
1
2
3
1
2
5
1
2
7
1
2
9
1
3
1
1
3
3
1
3
5
1
3
7
1
3
9
1
4
1
1
4
3
1
4
5
1
4
7
1
4
9
1
5
1
1
5
3
1
6
2
1
9
9
Hi02c07
142 
 
 
Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
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Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
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Figure A2 Histograms displaying frequency counts for the alleles of 16 Malus SSR 
markers. 
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Figure A3 The scree plot based on eigenvalues of the Principal Components. 
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Figure A4 The cubic clustering criteria, pseudo-F and pseudo T-Squared for the 
Principal Components indicating four clusters as an appropriate number of 
clusters. 
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Appendix B 
Supplemental Materials for Chapter 3 
Table B1 The variables determined to be analyzed either by combined years or 
separate year analysis and the corresponding value for Levene’s homogeneity of 
variance test (hovtest). 
Data combined over years            (hovtest) Data separate over years               (hovtest)   
FirmnessR                                    0.4959                           
FirmnessG                                    0.2240 
Circumference                              0.2250 
Diameter                                       0.2258 
Length                                          0.0956 
Weight                                         0.0822 
Shape                                              <0.0001 
Total soluble solids                           0.0026 
Total titratable acids                         0.0014 
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Table B2 Normality tests over separate and combined years for phenotypic traits. 
Trait 2008 2009 Combined 
FirmnessR - - <0.0001 
FirmnessG - - <0.0001 
Circumference - - 0.1228 
Diameter   0.0811 
Length - - 0.0002 
Length (transformed) - - 0.0125 
Shape <0.0001 <0.0001 - 
Weight - - <0.0001 
Weight (transformed) - - 0.0121 
Total soluble solids 0.8878 0.3560 - 
Total titratable acids 0.0011 0.0015 - 
Total titratable acids 
(transformed) 
0.0305 0.0015 - 
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Table B3 Pearson correlation coefficients between variables with corresponding p-
values located beneath coefficients. 
 FirmnessR FirmnessG Circumference Diameter Length 
FirmnessR 1.0000 0.7417 
<.0001 
-0.1179 
0.1190 
-0.1318 
0.0813 
-0.0190 
0.8022 
FirmnessG 0.7417 
<0.0001 
1.0000 -0.0837 
0.2821 
-0.0711 
0.3612 
-0.0549 
0.4813 
Circumference -0.1179 
0.1190 
-0.0837 
0.2821 
1.0000 0.9626 
<0.0001 
0.7891 
<0.0001 
Diameter -0.1318 
0.0813 
-0.0711 
0.3612 
0.9626 
<0.0001 
1.0000 0.7565 
<0.0001 
Length -0.0190 
0.8022 
-0.0549 
0.4813 
0.7891 
<0.0001 
0.7565 
<0.0001 
1.0000 
 
 Weight Total soluble solids Total titratable acids 
FirmnessR -0.1018 
0.1787     
0.0379   
0.6180     
0.1140 
0.1318   
FirmnessG 0.0812 
0.2966     
0.0603    
0.4390     
0.0350 
0.6532   
Circumference 0.9531   
<0.0001     
0.0733   
0.1529     
0.2199 
<0.0001   
Diameter 0.9200   
<0.0001     
0.1375    
0.0071     
0.2385 
<.0001 
Length 0.8485   
<0.0001     
0.0498    
0.3314     
0.1297 
0.0112 
 
 FirmnessR FirmnessG Circumference Diameter Length 
Weight -0.1018      
0.1787  
-0.0812    
0.2966   
0.9531    
<0.0001     
0.9200 
<0.0001 
0.8485  
<0.0001     
Total soluble solids 0.0379   
0.6180      
0.0603    
0.4390     
0.0733    
0.1529     
0.1375   
0.0071 
0.0498 
0.3314     
Total titratable 
acids 
0.1140     
0.1318      
0.0350    
0.6532     
0.2199    
<0.0001     
0.2385    
<0.0001     
0.1297    
0.0112     
 
 Weight Total soluble solids Total titratable acids 
Weight 1.0000 
   
0.0343 
0.5044     
0.1864 
0.0002 
Total soluble solids 0.0343 
0.5044       
1.0000 0.3010 
<0.0001 
Total titratable 
acids 
0.1864    
0.0002     
0.3010 
<0.0001 
1.0000 
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Table B4 Heterozygosity for genotype codes using the CP population structure. 
Genotype code  Heterozygosity range  Mean heterozygosity  Possible progeny 
genotypes  
abxcd  100%  100%  ab, ad, bc, bd  
efxeg  46% - 97%  72%  ee, eg, fe, fg  
hkxhk  32% - 60%  47%  hh, hk, kk  
lmxll  24% - 68%  49%  ll, ml  
nnxnp  30% - 79%  47%  nn, np  
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Table B5 The markers that produced the dominant h- genotype. 
Marker Number of h- present in the 94 analyzed progeny  
CTG1060251-307 
CN896269-305 
CN848860-3-2 
CN870190-150 
BACSSR38-202 
BACSSR153-295 
BACSSR10-157 
CN907414-200 
CH02g01 
71 
62 
63 
68 
77 
64 
54 
73 
68 
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Table B6 The cofactors selected by the automatic cofactor selection process for 
multiple QTL mapping. 
Trait Selected cofactor Linkage group 
FirmnessG CN995784       
CN876284 
17 
17 
Diameter CH01e12              8 
Total soluble solids Hi15b02-1            
CTG1073688    
CTG1062301-289 
3 
3 
17 
Total titratable acids BACSSR12             
Hi20b03              
CTG1075246          
BACSSR93 
8 
8 
8 
14 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B1 LOD profile plots for simple interval mapping. 
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Figure B2 LOD profile plots for MQM. 
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Figure B2 LOD profile plots for MQM. 
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Figure B2 LOD profile plots for MQM. 
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Figure B2 LOD profile plots for MQM. 
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Figure B2 LOD profile plots for MQM. 
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